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Abstract²5RERWDVVLVWHGUHKDELOLWDWLRQRIIHUVEHQHILWVVXFKDV
UHSHWLWLYH LQWHQVLYH DQG WDVN VSHFLILF WUDLQLQJ DV FRPSDUHG WR
WUDGLWLRQDOPDQXDOPDQLSXODWLRQSHUIRUPHGE\SK\VLRWKHUDSLVWV
,QWKLVSDSHUDUREXVWLWHUDWLYHIHHGEDFNWXQLQJ,)7WHFKQLTXH
IRU UHSHWLWLYH WUDLQLQJ FRQWURO RI D FRPSOLDQW SDUDOOHO DQNOH
UHKDELOLWDWLRQURERWLVSUHVHQWHG7KHURERWHPSOR\VIRXUSDUDOOHO
LQWULQVLFDOO\ FRPSOLDQW SQHXPDWLF PXVFOH DFWXDWRUV WKDW PLPLF
VNHOHWDOPXVFOHVIRUDQNOH¶VPRWLRQWUDLQLQJ$PXOWLSOHGHJUHHV
RIIUHHGRPQRUPDOLVHG,)7WHFKQLTXHLVSURSRVHGWRLQFUHDVHWKH
FRQWUROOHU UREXVWQHVV E\ REWDLQLQJ DQ RSWLPDO YDOXH IRU WKH
ZHLJKWLQJIDFWRUDQGRIIHULQJDPHWKRGZLWKOHDUQLQJFDSDFLW\WR
DFKLHYH DQ RSWLPXP RI WKH FRQWUROOHU SDUDPHWHUV ([SHULPHQWV
ZLWK KXPDQ SDUWLFLSDQWV ZHUH FRQGXFWHG WR LQYHVWLJDWH WKH
UREXVWQHVVDVZHOODVWRYDOLGDWHWKHSHUIRUPDQFHRIWKHSURSRVHG
,)7WHFKQLTXH5HVXOWVVKRZWKDWWKHQRUPDOLVHG,)7VFKHPHZLOO
DFKLHYHDEHWWHUDQGEHWWHUWUDFNLQJSHUIRUPDQFHGXULQJWKHURERW
UHSHWLWLYHFRQWURODQGSURYLGHVPRUHUREXVWQHVVWRWKHV\VWHPE\
DGDSWLQJWRYDULRXVVLWXDWLRQVLQURERWLFUHKDELOLWDWLRQ

Index Terms²,WHUDWLYHIHHGEDFNWXQLQJQRUPDOLVHGFULWHULRQ
DQNOHUHKDELOLWDWLRQURERWUHSHWLWLYHWUDLQLQJ

, ,1752'8&7,21
HKDELOLWDWLRQXVLQJURERWVKDVVHYHUDOGLVWLQFWDGYDQWDJHV
DVFRPSDUHGWRWUDGLWLRQDOPDQXDOPDQLSXODWLRQ%\XVLQJ
URERWLFGHYLFHVLW LVSRVVLEOHWRSHUIRUPWKHUHTXLUHGWUDLQLQJ
WDVNV UHSHDWHGO\ DQG DFFXUDWHO\ ZLWKRXW UHTXLULQJ KHDY\
SK\VLFDOGHPDQGVIURPSK\VLRWKHUDSLVWV>@$QNOHMRLQWLVRQH
RIWKHPRVWFRPSOLFDWHGVWUXFWXUHVLQKXPDQVNHOHWRQDQGSOD\V
D FUXFLDO UROH LQ EDODQFLQJ KXPDQ ERG\ GXULQJ ZDONLQJ DQG
DPEXODWLRQ >@ ,Q WHUPV RI DQNOH UHKDELOLWDWLRQ DV SDUDOOHO
URERWVDUHPRUHDFFXUDWHWKDQFRPSDUDEOHVHULDOPDQLSXODWRUV
DQG FDQ DOVR JHQHUDWH KLJKHU IRUFH DQG WRUTXH D UDQJH RI
SDUDOOHO SODWIRUPEDVHG GHYLFHV KDYH EHHQ GHYHORSHG >@
5XWJHUV $QNOH LV D W\SLFDO SDUDOOHO DQNOH UHKDELOLWDWLRQ URERW

:HL0HQJLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
$XFNODQG$XFNODQG1HZ=HDODQGDQGDOVRZLWK6FKRRORI,QIRUPDWLRQ
(QJLQHHULQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\:XKDQ&KLQDHPDLO
ZPHQ#DXFNODQGXQLDFQ]RUZHLPHQJ#ZKXWHGXFQ
6KHQJ4;LH DQG&KDUOHV =/XDUHZLWK WKH'HSDUWPHQWRI0HFKDQLFDO
(QJLQHHULQJ8QLYHUVLW\RI$XFNODQG$XFNODQG1HZ=HDODQGHPDLO
V[LH#DXFNODQGDFQ]]OX#DXFNODQGXQLDFQ]
4XDQ/LXDQG4LQJVRQJ$LDUHZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ
DQGWKH.H\/DERUDWRU\RI)LEHU2SWLF6HQVLQJ7HFKQRORJ\DQG,QIRUPDWLRQ
3URFHVVLQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\:XKDQ&KLQDHPDLO
TXDQOLX#ZKXWHGXFQTLQJVRQJDL#ZKXWHGXFQ
EDVHGRQ6WHZDUWSODWIRUP>@$SDUDOOHODQNOHURERW$5%27
ZDVDOVRGHVLJQHGE\6DJOLDHW DO >@+RZHYHU WKHH[LVWLQJ
SODWIRUPEDVHGURERWVDUHXVXDOO\DFWXDWHGIURPWKHERWWRPDQG
RQHPDMRUVKRUWFRPLQJLVWKDWWKHLUHQGHIIHFWRUVDUHW\SLFDOO\
FRQVWUDLQHGDERXWDFHQWUHRIURWDWLRQZKLFKGRHVQRWFRLQFLGH
ZLWK WKH DFWXDO KXPDQ DQNOH MRLQW >@ 7KHUHE\ WKH VKDQN¶V
SRVLWLRQ ZLOO QRW EH FRQVLVWHQW GXULQJ WKH RSHUDWLRQ DQG WKH
RULHQWDWLRQ RI WKH URERWLF SODWIRUP LV WKXV XQOLNHO\ WR EH WKH
VDPH DV WKH DFWXDO URWDWLRQ RI DQNOH MRLQW 0HDQZKLOH D
PDMRULW\ RI H[LVWLQJ GHYLFHV XWLOLVH ULJLG DFWXDWRUV VXFK DV
HOHFWULFPRWRUVRUF\OLQGHUVZKLFKDUHQRWEDFNGULYHDEOH>@
$V D UHVXOW RI WKLV WKHKXPDQ LQWHUDFWLRQ HQYLURQPHQW LVQRW
IXOO\FRPSOLDQWGXULQJRSHUDWLRQRIWKHGHYLFHV
7R RYHUFRPH WKH OLPLWDWLRQV D QRYHO DQNOH UHKDELOLWDWLRQ
SODWIRUP ZDV GHYHORSHG E\ WKH 8QLYHUVLW\ RI $XFNODQG WR
LPSURYHRQH[LVWLQJDQNOHUHKDELOLWDWLRQVROXWLRQV7KHGHVLJQ
XWLOLVHG D SDUDOOHO NLQHPDWLF VWUXFWXUH ZKHUH WKH SRZHU LV
DFWXDWHG IURP WKH WRSDQGLVFDSDEOHRI IL[LQJWKHDQNOH MRLQW
FHQWUHRIURWDWLRQE\XVLQJDZHDUDEOHVWUXFWXUH>@3QHXPDWLF
PXVFOH DFWXDWRUV 30$V SRVVHVVLQJ DGYDQWDJHV LQ WHUPV RI
VRIWOLJKWZHLJKWDQGKLJKSRZHUZHLJKWUDWLRZHUHDGRSWHGWR
JXDUDQWHH WKH LQWULQVLF FRPSOLDQFH RI WKH URERW +RZHYHU
30$VH[KLELWKLJKO\QRQOLQHDUDQGWLPHYDU\LQJIHDWXUHVDQGLW
LV GLIILFXOW WR REWDLQ WKH DFFXUDWH G\QDPLF PRGHO RI VXFK
DFWXDWRU>@$PDMRUOLPLWDWLRQRIPRGHOEDVHGDSSURDFKLVLWV
VHQVLWLYLW\WRPRGHOOLQJDFFXUDF\RIWKHFRQWUROOHGREMHFWLYHLW
UHTXLUHVWKHV\VWHPGHVLJQHUWRKDYHDQLQWLPDWHNQRZOHGJHRI
WKH WDUJHW&RQVLGHULQJ WKH FRQWUROOHGREMHFWLYH LQ WKLV VWXG\
WKH30$VGULYHQ URERWH[SDQGVZLWKSDWLHQW¶VG\QDPLFVZLOO
EHFRPH PRUH FRPSOH[ WKXV DQ DFFXUDWH UHKDELOLWDWLRQ URERW
PRGHOLVKDUGO\DYDLODEOHLQSUDFWLFH(YHQLIDQDFFXUDWHPRGHO
FDQEHREWDLQHG WKHRUGHURI UHVXOWLQJFRQWUROOHU LVRIWHQ WRR
KLJKWREHVXLWDEOHIRUSUDFWLFDOXVDJH>@,QFRPSDULVRQE\
XVLQJ PRGHOIUHH GDWDGULYHQ WKHRU\ ZKHUH WKH FRQWUROOHU LV
GHVLJQHGGLUHFWO\XVLQJRQOLQHGDWDZLWKRXWH[SOLFLWRULPSOLFLW
LQIRUPDWLRQ RI WKH XQGHUO\LQJ PRGHO WKH VKRUWFRPLQJV RI
PRGHOEDVHGPHWKRGFDQEHPLWLJDWHG>@
)RUUHKDELOLWDWLRQUHFRYHU\FOLQLFDOVWXGLHVKDYHVKRZQWKDW
UHSHWLWLYH LQWHQVLYH DV ZHOO DV WDVN VSHFLILF UHKDELOLWDWLRQ
SURJUDPPHVFDQFRQWULEXWHVLJQLILFDQWO\WRWKHHIIHFWLYHQHVVRI
WUHDWPHQW>@7KHUHSHWLWLYHQDWXUHRIURERWDVVLVWHGWKHUDS\
SURYLGHVDJRRGRSSRUWXQLW\IRULWHUDWLYHOHDUQLQJFRQWURO,/&
WHFKQLTXHV>@,/&LVDEOHWROHDUQIURPGDWDUHFRUGHGIURP
WKH SUHYLRXV WULDOV DQG XSGDWH WKH FRQWUROOHU WR RSWLPLVH LWV
5REXVW,WHUDWLYH)HHGEDFN7XQLQJ&RQWURORID
&RPSOLDQW5HKDELOLWDWLRQ5RERWIRU5HSHWLWLYH
$QNOH7UDLQLQJ
:HL0HQJ6KHQJ4;LHSenior Member, IEEE4XDQ/LX&KDUOHV=/XDQG4LQJVRQJ$L
5
!5(3/$&(7+,6/,1(:,7+<2853$3(5,'(17,),&$7,21180%(5'28%/(&/,&.+(5(72(',7


SHUIRUPDQFH >@ $V PHQWLRQHG DERYH WKH GHYLFH XWLOLVHV D
QRYHOW\SHRISQHXPDWLFSRZHUHGDFWXDWRUDQGWKHVSHHGDQG
UDQJHRISDWLHQW¶V UHFRYHU\FDQ OHDG WRVLJQLILFDQWFKDQJHV WR
WKHPRGHORIWKHUHKDELOLWDWLRQURERWDOORIZKLFKLQGLFDWHWKDWD
PRGHOEDVHG PHWKRG LV QRW VXLWDEOH DQG D UREXVW PRGHOIUHH
PHWKRG ZLOO EH D SULPH FDQGLGDWH ,WHUDWLYH IHHGEDFN WXQLQJ
,)7LVDPRGHOIUHHGDWDGULYHQOHDUQLQJPHWKRG>@)XUWKHU
,)7 LV YHU\ PXFK VXLWDEOH IRU UHSHDWHG UHKDELOLWDWLRQ
WUDMHFWRULHV GXH WR WKH UHTXLUHPHQW RI VSHFLDOO\ GHVLJQHG
H[SHULPHQWV2QWKHRWKHUKDQG,)7DVFRPSDUHGWRWUDGLWLRQDO
FRQWUROV\VWHPVKDVWKHDGYDQWDJHZKHUHLWFDQEHDXWRWXQHG
RQO\GHSHQGLQJRQWKHLQSXWDQGRXWSXWGDWDFROOHFWHGIURPWKH
H[SHULPHQWV ZKLFK GRHV QRW FRQWDLQ DQ\ PRGHO LQIRUPDWLRQ
DERXWWKHFRQWUROOHGSODQW7KLVDOORZVWKHV\VWHPWREHKLJKO\
UREXVWWRXQFHUWDLQWLHV>@
7KHUHKDYHEHHQVRPHLQWHUHVWLQJFDVHVIRUWKHDSSOLFDWLRQRI
,)7 LQ YDULRXV LQGXVWULDO ILHOGV VXFK DV '&VHUYR FRQWURO
URERWLF DUP DQG PDVV VSULQJ V\VWHP HWF GXH WR LWV VXSHULRU
PRGHOIUHH DXWRPDWLF WXQLQJ FDSDFLW\ >@ +RZHYHU WKH
XVHRILWHUDWLYHIHHGEDFNOHDUQLQJFRQWUROLQUHKDELOLWDWLRQKDV
QRW EHHQ ZHOOH[SORUHG >@ 7KH PRVW SURPLQHQW FDVH IRU
DSSOLFDWLRQ RI ,/& RQ UHKDELOLWDWLRQ GHYLFHV LV WR FRQWURO WKH
YDOXHRIIXQFWLRQDOHOHFWULFDOVWLPXODWLRQ)(6IRUXSSHUOLPE
WKHUDS\DVSUHVHQWHGLQ>@LQZKLFK,/&ZDVZRUNHGDVD
NLQGRI³KLJKOHYHO´FRQWUROOHUWRDGMXVWWKHDPRXQWRI)(6IRU
XSSHU OLPE)HZ RWKHU SUHYLRXV UHVHDUFKHV LQYRNH WKH XVH RI
,/& RQ UHKDELOLWDWLRQ SODWIRUPV ,Q >@ D IRUP RI LWHUDWLYH
OHDUQLQJ FRQWURO ZDV LPSOHPHQWHG RQ WKH /RNRPDW URERW WR
V\QFKURQLVH WKH OHJ DQG WUHDGPLOO PRYHPHQWV $ 3,' SOXV
LWHUDWLYHOHDUQLQJEDVHGIHHGIRUZDUGFRQWUROOHUZDVSURSRVHG
RQDQXSSHUH[WUHPLW\WKHUDS\URERWIRUUHSHWLWLYHWDVNWUDLQLQJ
>@$VIRUWKHLWHUDWLYHIHHGEDFNWXQLQJWHFKQLTXHWKHUHLVQR
UHSRUWHG OLWHUDWXUH RQ WKH VSHFLILF FRPELQDWLRQ RI ,)7 DQG
UHKDELOLWDWLRQGHYLFHVDOVRQR,)7LQVWDQFHVRQ30$VGULYHQ
HTXLSPHQW %\ WUDQVIHUULQJ WKH LGHD RI ,)7 WR UHKDELOLWDWLRQ
URERWLFVZHEHOLHYHWKDWWKHURERWFRQWUROOHUFDQDOVRLPSURYH
LWVSHUIRUPDQFHIURPUHSHWLWLYHWULDOV
,Q UHKDELOLWDWLRQ HQYLURQPHQW WKHUH LV RIWHQ DQ H[WHUQDO
GLVWXUEDQFH IURP WKHSDWLHQW GXULQJ WKH WUDLQLQJ DQG WKLVZLOO
OHDG WR VLJQLILFDQW FKDQJHV WR WKH FRQWURO SDUDPHWHUV RI WKH
URERWXVHG7KHUHIRUHUREXVWFRQWUROV\VWHPLPSOHPHQWDWLRQLV
RQH PDMRU GLIILFXOW WDVN DQG LW LV HYHQ KDUGHU WR HQKDQFH WKH
UREXVWQHVVGXULQJORQJWLPH UHSHWLWLYH WUDLQLQJ+XVVDLQHWDO
XWLOLVHGDFKDUWLQJIUHHUREXVWYDULDEOHVWUXFWXUHFRQWUROOHUIRU
WKHGHVLJQHGURERWLFJDLWRUWKRVLV>@;XHWDOSURSRVHGDQ
HYROXWLRQDU\ G\QDPLF UHFXUUHQW IX]]\ QHXUDO QHWZRUN WR
SURYLGHPRUHUREXVWQHVVIRUXSSHUOLPEUHKDELOLWDWLRQ>@2QH
VKRUWFRPLQJRIWKHVHPHWKRGVLIDSSO\LQJWKHPWRRXUV\VWHPLV
WKDW WKH G\QDPLF PRGHOOLQJ RI SQHXPDWLF PXVFOHV DQG URERW
EHKDYLRXU ZRXOG EULQJ KHDY\ FRPSXWDWLRQ EXUGHQ WR WKH
FRQWURO V\VWHP DQG LW LV DOVR GLIILFXOW WR PRGHO WKH SDWLHQW¶V
DUELWUDU\ DFWLYLWLHV 2QH DGYDQWDJH RI ,)7 WHFKQLTXH LV LWV
DELOLW\ WR OHDUQ IURP UHSHDWLQJ VFHQDULRV DQG RSWLPLVH WKH
FRQWUROOHUSDUDPHWHUVZLWKRXWNQRZOHGJHRIWKHDFWXDOV\VWHP
ZKLFKJXDUDQWHHVWKHLQKHUHQWUREXVWQHVVRIVXFKDPHWKRG>
 @ 7R REWDLQ D PRUH UREXVW FRQWURO V\VWHP WKH GHVLJQ
FULWHULRQ RU REMHFWLYH IXQFWLRQ RI ,)7 PXVW EH WDNHQ LQWR
DFFRXQW ,QWURGXFH D SOHQW\ IXQFWLRQ WR WKH LQSXW VLJQDO IRU
FHUWDLQUHVWULFWLRQVLVDW\SLFDODSSURDFKWRLQFUHDVHWKHV\VWHP
UREXVWQHVV VXFKDV WKH VWXGLHV LQ >@DQG >@+RZHYHU LQ
UHKDELOLWDWLRQ VFHQDULRV WKH URERW V\VWHP ZLOO KDYH YDULRXV
GHVLUHGDQGDFWXDORXWSXWHUURUDVZHOODVFRQWUROLQSXWVLJQDO
HVSHFLDOO\ZKHQWUHDWSDWLHQWVLQGLIIHUHQWUHFRYHU\VWDJHVDQG
ZLWKGLIIHUHQWDFWLYHLQWHQWLRQV7KHUREXVWQHVVSUREOHPRI,)7
FRQWUROOHU VKRXOG EH LQYHVWLJDWHG IXUWKHU :H ZLOO SURSRVH D
QRYHO UREXVW ,)7 FRQWUROOHU WR PDNH WKH FRQWUROOHU V\VWHP
DJQRVWLFDQGPHDQLQJIXODFURVVGLIIHUHQWVLWXDWLRQV
$FFRUGLQJWRWKHDXWKRUV¶EHVWNQRZOHGJH,)7FRQWURORID
UHKDELOLWDWLRQ URERWKDVQRWEHHQ UHSRUWHG LQ WKH OLWHUDWXUH ,Q
WKLVSDSHUDQRUPDOLVHG,)71,)7WHFKQLTXHLVDSSOLHGIRUWKH
UHSHWLWLYH WUDLQLQJ FRQWURO RI D IOH[LEOH DQNOH UHKDELOLWDWLRQ
URERWDFWXDWHGE\30$V$QRYHOPXOWLSOHGHJUHHVRIIUHHGRP
'2)V ,)7PHWKRGZLWKQRUPDOLVHGFULWHULRQ LVSURSRVHG WR
LPSURYHWKHUREXVWQHVVXQGHUYDU\LQJWUDLQLQJFRQGLWLRQV7KH
UHVW RI WKLV SDSHU LV RUJDQLVHG DV IROORZV 6HFWLRQ ,,
GHPRQVWUDWHV WKHGHWDLOVRI WKHFRPSOLDQW DQNOH UHKDELOLWDWLRQ
URERW ,Q 6HFWLRQ ,,, PHWKRGRORJ\ RI WKH SURSRVHG PXOWLSOH
'2)V QRUPDOLVHG ,)7 PHWKRG LV SUHVHQWHG ([SHULPHQWV
LQFOXGLQJ FRPSDULVRQ WHVW DQG KXPDQ SDUWLFLSDQWV WHVW ZHUH
FRQGXFWHGLQ6HFWLRQ,9IROORZHGE\WKHGLVFXVVLRQLQ6HFWLRQ
97KHFRQFOXVLRQLVGUDZQLQ6HFWLRQ9,
,, &203/,$17$1./(5(+$%,/,7$7,2152%27
:HKDGGHYHORSHGDQRYHODQNOHUHKDELOLWDWLRQSODWIRUPZLWK
WKHQHZSURWRW\SHVKRZQLQ)LJ7KLV URERW LVDFWXDWHGE\
IRXU SDUDOOHO OLQNV WR UHDOLVH WKUHH URWDWLRQDO '2)V RI WKH
HQGHIIHFWRU IRU DQNOH GRUVLIOH[LRQSODQWDUIOH[LRQ LQYHUVLRQ
HYHUVLRQDQGDGGXFWLRQDEGXFWLRQ UHVSHFWLYHO\(DFK MRLQW LV
DFWXDWHG XVLQJ D SQHXPDWLF PXVFOH DFWXDWRU IURP )(672
)(672 '0631 LQ RUGHU WR JXDUDQWHH WKH LQWULQVLF
FRPSOLDQFHRIWKHURERWGXULQJRSHUDWLRQ,WKDVDVWURNHOHQJWK
RIPPDPD[LPXPIRUFHRIRYHU1DQGDQ LQWHUQDO
GLDPHWHU RI PP (DFK SQHXPDWLF PXVFOH DFWXDWRU LV
FRQWUROOHG E\ D SURSRUWLRQDO SUHVVXUH UHJXODWRU 7KH HQG
HIIHFWRULVDWKUHHOLQNVHULDOPDQLSXODWRUZLWKWKUHHURWDWLRQDO
'2)VLQZKLFKWKUHHPDJQHWLFURWDU\HQFRGHUVDUHLQVWDOOHGWR
SURYLGHPHDVXUHPHQWVRIDQJXODUSRVLWLRQVRIWKHURERWLQ(XOHU
;<DQG=D[HV$GGLWLRQDOO\DVL[D[LVORDGFHOOLVPRXQWHG
EHWZHHQWKHURERWHQGHIIHFWRUDQGDKXPDQIRRWWRPHDVXUHWKH
KXPDQ URERW LQWHUDFWLRQ IRUFH DQG WRUTXH )RU WKH FRQWURO
V\VWHPKDUGZDUHD1DWLRQDO,QVWUXPHQWVHPEHGGHGFRQWUROOHU
1,&RPSDFW5,2LVDGRSWHGIRUUHDOWLPHFRQWURO7KH
FRQWUROV\VWHPQRZUXQVRQDKRVW3&XVLQJ/DE9,(:ZLWK
WKHFRPPXQLFDWLRQEHWZHHQWKH3&DQGWKHHPEHGGHGVROXWLRQ
SHUIRUPHGXVLQJWKH7&3,3SURWRFRO
,Q RUGHU WR FRQWURO WKH URERW HQGHIIHFWRU WR WUDFN D
SUHGHILQHG WUDMHFWRU\ IRU DQNOH PRYHPHQW WUDLQLQJ WKH URERW
NLQHPDWLFPRGHOPXVWEHVWXGLHG,QYHUVHNLQHPDWLFVRIDURERW
GHVFULEHV WKH WUDQVODWLRQRI WKHHQGHIIHFWRURULHQWDWLRQ WR WKH
OHQJWK RI WKH DFWLYH OLQNV ZKLFK LV HVVHQWLDO IRU DQ\ IRUP RI
URERWFRQWURO)LJSUHVHQWVWKHURERWLFNLQHPDWLFJHRPHWU\RI
WKH GHYHORSHG SDUDOOHO DQNOH UHKDELOLWDWLRQ URERW 7KH IL[HG
FRRUGLQDWH IUDPH LV GHQRWHG E\ ௙ܱ DQG WKH PRYLQJ RQH LV
!5(3/$&(7+,6/,1(:,7+<2853$3(5,'(17,),&$7,21180%(5'28%/(&/,&.+(5(72(',7


GHQRWHG E\ܱ௠ &RQQHFWLRQ SRLQWV RQ WKH IL[HG DQG PRYLQJ
SODWIRUPV DUH GHQRWHG E\݌௜௙ DQG݌௜௠  UHVSHFWLYHO\ DQG WKHLU
SRVLWLRQ YHFWRUV ௜ܲ௙DQG ௜ܲ௠DUH GHILQHG LQ  DV ZHOO DV WKH
SRVLWLRQYHFWRU ௙ܱܱ௠ሬሬሬሬሬሬሬሬሬሬሬԦZKHUHܪLV WKHFHQWUHGLVWDQFHEHWZHHQ
WKHIL[HGSODWIRUPDQGWKHPRYLQJHQGHIIHFWRU$WDEOHRIDOO
YDULDEOHVFDQEHIRXQGLQWKH1RPHQFODWXUH
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)LJ.LQHPDWLFVWUXFWXUHRIWKHSDUDOOHODQNOHUHKDELOLWDWLRQURERW
$VVKRZQLQ)LJE\GHILQLQJWKHFRQQHFWLRQSRLQWVDQGD
URWDWLQJFRRUGLQDWHV\VWHPWKHYHFWRURIHDFKDFWLYHOLQNܮ௜FDQ
EHFDOFXODWHG7KHSRVLWLRQYHFWRUܮ௜ RIWKHOLQNLVGHVFULEHGLQ ZKHUH WKH URWDWLRQDO WUDQVIRUPDWLRQ PDWUL[ RI WKH HQG
HIIHFWRUZLWKUHVSHFWWRWKHIL[HGSODWIRUPLVGHQRWHGE\PDWUL[ܴ௠௙ XVLQJDVHTXHQFHRIߠ௑ǡ ߠ௒ǡ ߠ௓7KHOLQNOHQJWKLVH[SUHVVHG
E\ ݈௜ LQ  ZKHUHܥ LV WKHܿ݋ݏ݅݊݁ IXQFWLRQܵ LV WKHݏ݅݊݁IXQFWLRQ DQG WKH VXEVFULSWV UHSUHVHQW FRUUHVSRQGLQJ (XOHU
DQJOHVIRUH[DPSOHܥ௫ ൌ ܿ݋ݏߠ௑ǡ ܵ௬ ൌ ݏ݅݊ߠ௒൞ ௜ܲ௙ ൌ ൣݔ௜௙ ݕ௜௙ 	?൧் ௜ܲ௠ ൌ ሾݔ௜௠ ݕ௜௠ 	?ሿ்ܱ ൌ ௙ܱܱ௠ሬሬሬሬሬሬሬሬሬሬሬԦ ൌ ሾ	 ? 	 ? െܪሿ் ܮ௜ ൌ ௙ܱ ൅ ܴ௠௙ ௜ܲ௠ െ ௜ܲ௙ ݈௜ ൌ ටܮ௜்ܮ௜ 
ܴ௠௙ ൌ ቎ܥ௭ܥ௬ െܵ௭ܥ௫ ൅ ܥ௭ܵ௬ܵ௫ ܵ௭ܵ௫ ൅ ܥ௭ܵ௬ܥ௫ܵ௭ܥ௬ ܥ௭ܥ௫ ൅ ܵ௭ܵ௬ܵ௫ െܥ௭ܵ௫ ൅ ܵ௭ܵ௬ܥ௫െܵ௬ ܥ௬ܵ௫ ܥ௬ܥ௫ ቏ 
,,, 08/7,'2)1,)7&21752/6<67(0
$VWKHDQNOHUHKDELOLWDWLRQURERWKDVPXOWLSOHDFWXDWRUVWREH
FRQWUROOHGWKHLPSOHPHQWDWLRQRIPXOWLSOHLQVWDQFHVRIWKH,)7
WHFKQLTXHLVH[SORUHG7KHEDVHFRQWUROVWUXFWXUHLVSUHVHQWHGLQ
)LJ  ZKHUH LQYHUVH NLQHPDWLFV LV XVHG WR REWDLQ WKH MRLQW
VSDFHWUDMHFWRU\݈௜ ǡ ݅ ൌ 	?ǡ	?ǡ	?ǡ	?IRUHDFKDFWXDWRU7KHUHIHUHQFHDQGDFWXDOSRVLWLRQRIHDFKOLQNDUHHYDOXDWHGIURPWKHGHVLUHG
RULHQWDWLRQߠௗǡ௑௒௓ DQG WKH PHDVXUHG HQGHIIHFWRU RULHQWDWLRQߠ௑௒௓UHVSHFWLYHO\E\XVLQJLQYHUVHNLQHPDWLFV7KHVHDFWXDWRUVDUHWKHQFRQWUROOHGLQGLYLGXDOO\XVLQJD3,'FRQWUROOHUZLWKWKH
SDUDPHWHU YHFWRU EHLQJ WXQHG E\ WKH ,)7 WHFKQLTXH ,Q WKH
FRQWURO VWUXFWXUH WKH VDPH VHW RI VWDUWLQJ SDUDPHWHUV RIߩ ൌ ሾܭ௉ ܭூ ܭ஽ሿ்ZDV DSSOLHG WR DOO IRXU FRQWUROOHUV 7KH
RXWHUFRQWURO ORRSUHJXODWHV WKHDQJXODUSRVLWLRQDQGHDFKRI
WKHLQQHUFRQWUROORRSVUHJXODWHVDLUSUHVVXUHRIHDFK30$7KH
30$ PRGHO LV XVHG WR FRQYHUW WKH FRQWURO VLJQDOݑ௜LQWR DLUSUHVVXUH݌௜IRUHDFKSURSRUWLRQDOUHJXODWRU
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)LJ &RQWURO V\VWHPRI WKHDQNOH UHKDELOLWDWLRQ URERW D6WUXFWXUHRI WKH
PXOWLSOH'2)V,)7E'LDJUDPRIWKHFRQWUROOHUIRUHDFK30$
A. IFT Tuning of PID parameters on PMA 
(DFK SQHXPDWLF PXVFOH LV FRQWUROOHG LQGLYLGXDOO\ XVLQJ D
VWDQGDUG3,'FRQWUROOHUDQG IRU ,)7 WXQHG3,'FRQWUROOHUDV
VXJJHVWHGE\>@LWPXVWEHFRQVLGHUHGDVD'2)FRQWUROOHU
ZLWKFRPPRQSDUDPHWHUV$EORFNGLDJUDPRIWKHFRQWUROOHULQ
WKHIRUPܥሺߩሻ ൌ ൣܥ௥ሺߩሻǡ ܥ௬ሺߩሻ൧LVVKRZQLQ)LJEZKHUHܥ௥ሺߩሻDQGܥ௬ሺߩሻVKDULQJ WKH VDPH SDUDPHWHUV ERWK WRJHWKHU
FRQVWLWXWH WKH 3,' FRQWUROOHU 7KH 30$ LV FRQVLGHUHG DV DQ
XQNQRZQV\VWHPܩDQGݎWKHUHIHUHQFHLQSXWݑWKHFRQWUROOHU
RXWSXWݕWKHUHVSRQVHRXWSXWݒWKHXQPHDVXUDEOHGLVWXUEDQFH
7KHSDUDPHWHUVIRUܥ௥DQGܥ௬DUHFROOHFWHGDQGRSWLPLVHGLQD
YHFWRURIFRQWUROOHUSDUDPHWHUVߩ ൌ ሾܭ௉ ܭூ ܭ஽ሿ்
&RQVLGHULQJ WKH FRQWUROOHU VKRZQ LQ)LJ  E WKH V\VWHP
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UHVSRQVHFDQEHH[SUHVVHGE\XVLQJݕ௧ሺߩሻ ൌ ܥ௥ሺߩሻܩ	 ? ൅ ܥ௬ሺߩሻܩ ݎ௧ ൅ 	?	 ? ൅ ܥ௬ሺߩሻܩ ݒ௧ ൌ ଴ܶݎ௧ ൅ ܵ଴ݒ௧ 
7KHREMHFWLYHIRUDQLWHUDWLYHOHDUQLQJFRQWUROLVWRJHQHUDWHD
VHTXHQFHRIDSSURSULDWHFRQWUROLQSXWVݑ௧ሺ݅ሻWRGULYHWKHV\VWHPRXWSXW ݕ௧ሺ݅ሻ DSSURDFKHV WKH UHIHUHQFH WUDMHFWRU\ ݕௗ  IRULWHUDWLRQ݅ (DFK LWHUDWLRQ RI FRQWURO LQSXW JHQHUDWLRQ VKRXOG
WDNH WKH RXWSXWݕ௧ሺ݅ሻFORVHU WR WKH UHIHUHQFH WUDMHFWRU\ E\ WKH,)7 DOJRULWKP 'HWDLOV RI WKH JHQHUDO ,)7 DOJRULWKP FDQ EH
IRXQGLQ>@7KHXVHGGHVLJQFULWHULRQܬሺߩሻWDNHVLQWRDFFRXQW
ERWK WKH HUURU UHVSRQVH DV ZHOO DV WKH FRQWUROOHU LQSXW
PDJQLWXGHߣLVDSUHGHWHUPLQHGZHLJKWLQJIDFWRUEHWZHHQWKH
WZRFRVWIXQFWLRQFRPSRQHQWYDULDEOHVDQGLVXVXDOO\REWDLQHG
HPSLULFDOO\ WKURXJK WULDO DQG HUURU 0RUH GLVFXVVLRQ RQ WKH
VHOHFWLRQRIߣZLOOEHSUHVHQWHGLQQH[WVHFWLRQܬሺߩሻ ൌ 	?	?ܰ൭෍ݕ෤௧ሺߩሻଶே௧ୀଵ ൅ ߣ෍ݑ௧ሺߩሻଶே௧ୀଵ ൱ 
+HUHߩLV D YHFWRU RI SURFHVV SDUDPHWHUV WR EH RSWLPLVHGݕ෤௧ሺߩሻLV WKH HUURU EHWZHHQ WKH DFWXDO RXWSXW DQG WKH GHVLUHG
RXWSXW VLJQDO ݕ෤௧ሺߩሻ ൌ ݕ௧ሺߩሻ െ ݕௗ VRడ௬෤೟ሺ஡ሻడఘ ൌ డ௬೟ሺ஡ሻడఘ  DQGܰ
LV WKH WRWDO QXPEHU RI VDPSOHV FROOHFWHG 7KH RSWLPLVHG
FRQWUROOHUSDUDPHWHUYHFWRUߩכLVGHILQHGDVVKRZQLQߩכ ൌ ఘ ܬሺߩሻ 
7KHSDUWLDOGHULYDWLYHRIݕ෤௧ሺߩሻDQGݑ௧ሺߩሻZLWKUHVSHFWWRWKHFRQWUROOHUSDUDPHWHUVߩLV߲ݕ௧߲ߩ ሺߩሻ ൌ 	?ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻ ଴ܶݎ௧ െ ߲ܥ௬߲ߩ ሺߩሻ ଴ܶݕ௧൨ ߲ݑ௧߲ߩ ሺߩሻ ൌ ܵ଴ ൤߲ܥ௥߲ߩ ሺߩሻݎ௧ െ ߲ܥ௬߲ߩ ሺߩሻݕ௧൨ 
7KHSDUWLDOGHULYDWLYHVడ௬೟ሺఘ೔ሻడఘ DQGడ௨೟ሺఘ೔ሻడఘ FDQEHREWDLQHGE\
SHUIRUPLQJDFWXDOH[SHULPHQWVRQWKHV\VWHP1RUPDOO\WKUHH
H[SHULPHQWV DUH UHTXLUHG WR FRPSOHWH HDFK LWHUDWLRQ RI WKH
RSWLPLVDWLRQSURFHVV)LUVWDUHIHUHQFHVLJQDOLVDSSOLHGWRWKH
FORVHGORRS V\VWHP DV LQSXW DQG WKH RXWSXW GDWD LV UHFRUGHG
6HFRQGWKHRXWSXWIURPWKHILUVWH[SHULPHQWLVUHDSSOLHGWRWKH
V\VWHPDVWKHUHIHUHQFHLQSXW$WKLUGH[SHULPHQWLVSHUIRUPHG
ZKHUH WKH ILUVW WHVW VLJQDO LV XVHG DV WKH UHIHUHQFH >@ 7KH
RXWSXWV IURP WKH VHFRQG DQG WKH WKLUG H[SHULPHQW ZLOO EH
XWLOLVHG WRFDOFXODWH WKHJUDGLHQWRI WKHFRQWUROOHUSDUDPHWHUV
$VLOOXVWUDWHGE\(T WKLV LVGRQHWRHQVXUHWKDW WKHGDWD
IURPWKHVHFRQGDQGWKLUGH[SHULPHQWVDUHLQGHSHQGHQWRIHDFK
RWKHULQRUGHUWRUHGXFHELDV
൞ ݎ௜ଵ ൌ ݎ ݑ௧ଵ ൌ ܵ଴൫ܥ௥ݎ െ ܥ௬ݒ௜ଵ൯ ݕ௧ଵ ൌ ଴ܶݎ ൅ ܵ଴ݒ௜ଵݎ௜ଶ ൌ ݕଵ ݑ௧ଶ ൌ ܵ଴൫ܥ௥ݕଵ െ ܥ௬ݒ௜ଶ൯ ݕ௧ଶ ൌ ଴ܶݕଵ ൅ ܵ଴ݒ௜ଶݎ௜ଷ ൌ ݎ ݑ௧ଷ ൌ ܵ଴൫ܥ௥ݎ െ ܥ௬ݒ௜ଷ൯ ݕ௧ଷ ൌ ଴ܶݎ ൅ ܵ଴ݒ௜ଷ  
+HUHݒ௜௝ DUH GLVWXUEDQFHV FRPH IURP GLIIHUHQW H[SHULPHQWVDQGWKXVDUHPXWXDOO\LQGHSHQGHQW7KHQWKHXQELDVHGHVWLPDWH
RIWKHSDUWLDOGHULYDWLYHVFDQEHDFKLHYHGE\
݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩሻ൨ ൌ 	?ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻݕ௧ଷ െ ߲ܥ௬߲ߩ ሺߩሻݕ௧ଶ൨ ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩሻ൨ ൌ 	?ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻݑ௧ଷ െ ߲ܥ௬߲ߩ ሺߩሻݑ௧ଶ൨ 
$V ܥ௥ሺߩሻ DQG ܥ௬ሺߩሻ DUH 3,' FRQWUROOHUV ZLWK WKH VDPH
SDUDPHWHUYHFWRUߩ ൌ ሾܭ௉ ܭூ ܭ஽ሿ்WUDQVIHUIXQFWLRQRI3,'
FRQWUROOHULVܭ௉ ൅ܭூ ݏ	? ൅ ܭௗݏ)RUGLVFUHWHV\VWHPܥ௥ሺߩሻ ൌ ܥ௬ሺߩሻൌ ሺܭ௉ܶ ൅ ܭூܶଶ ൅ ܭ஽ሻݖଶ െ ሺܭ௉ܶ ൅ 	 ?ܭ஽ሻݖ ൅ ܭ஽ܶݖଶ െ ܶݖ  ߲ܥ௬߲ܭ௉ ൌ ߲ܥ௥߲ܭ௉ ൌ ܶݖଶ െ ܶݖܶݖଶ െ ܶݖ ǡ ߲ܥ௬߲ܭூ ൌ ߲ܥ௥߲ܭூ ൌ ܶݖଶܶݖଶ െ ܶݖ ǡ߲ܥ௬߲ܭ஽ ൌ ߲ܥ௥߲ܭ஽ ൌ ݖଶ െ 	 ?ݖ ൅ 	 ?ܶݖଶ െ ܶݖ  
7KH SDUWLDO GHULYDWLYH RIݕ௧ DQGݑ௧ ZLWK UHVSHFW WR HDFKFRQWUROOHUSDUDPHWHUFDQEHZULWWHQDV
݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩሻ൨ ൌ ۏێێێ
ێێۍ ߲ݕ௧߲ܭ௉߲ݕ௧߲ܭூ߲ݕ௧߲ܭ஽ےۑۑ
ۑۑۑې ൌ ۏێێێ
ێێۍ 	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭ௉ ሺߩሻሺݕ௧ଷ െ ݕ௧ଶሻ൨	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭூ ሺߩሻሺݕ௧ଷ െ ݕ௧ଶሻ൨	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭ஽ ሺߩሻሺെݕ௧ଶሻ൨ ےۑۑ
ۑۑۑې 
݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩሻ൨ ൌ ۏێێێ
ێێۍ߲ݑ௧߲ܭ௉߲ݑ௧߲ܭூ߲ݑ௧߲ܭ஽ےۑۑ
ۑۑۑې ൌ ۏێێێ
ێێۍ 	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭ௉ ሺߩሻሺݑ௧ଷ െ ݑ௧ଶሻ൨	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭூ ሺߩሻሺݑ௧ଷ െ ݑ௧ଶሻ൨	?ܥ௥ሺߩሻ ൤߲ܥ௬߲ܭ஽ ሺߩሻሺെݑ௧ଶሻ൨ ےۑۑ
ۑۑۑې 
7KH HVWLPDWHG JUDGLHQW RI WKH GHVLJQ FULWHULRQܬሺߩሻIRU WKH݅௧௛ LWHUDWLRQ EDVHG HQWLUHO\ RQ H[SHULPHQWDO GDWD FDQ EH
FRQVWUXFWHGIURPWKHHVWLPDWHGSDUWLDOGHULYDWLYHV݁ݏݐ ൤߲ܬ߲ߩ ሺߩ௜ሻ൨ ൌ 	?ܰ෍൬ݕ෤௧ሺߩ௜ሻ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨ே௧ୀଵ൅ ߣݑ௧ሺߩ௜ሻ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨൰ 
7KHQH[W LWHUDWHߩ௜ାଵ ൌ ሾܭ௉௜ାଵ ܭூ௜ାଵ ܭ஽௜ାଵሿ்LVFDOFXODWHGE\XVLQJ WKH*DXVV1HZWRQRSWLPLVDWLRQDOJRULWKPEDVHGRQ
WKHJUDGLHQWRIܬሺߩሻDQGSUHYLRXVߩ௜ ൌ ሾܭ௉௜ ܭூ௜ ܭ஽௜ ሿ்ߩ௜ାଵ ൌ ߩ௜ െ ߛ௜ܴ௜ି ଵ݁ݏݐ ൤߲ܬ߲ߩ ሺߩ௜ሻ൨ 
ZKHUHߛ௜ LV D SRVLWLYH YDOXH WR LQGLFDWH WKH VWHS VL]Hܴ௜ LV DPDWUL[WRLPSO\WKHRSWLPLVHGVHDUFKGLUHFWLRQKHUHDSRVLWLYH
*DXVV1HZWRQDSSUR[LPDWLRQWRWKH+HVVLDQPDWUL[LVDSSOLHGܴ௜ ൌ 	?ܰ෍ቆ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨ ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨்ே௧ୀଵ൅ ߣ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨ ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨்ቇ 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,WLVHVVHQWLDOWRVHOHFWDSURSHUVWHSVL]HIRU,)7WRPDLQWDLQ
WKH EDODQFH EHWZHHQ FRQYHUJHQFH DQG VWDELOLW\ RI WKH ,)7
DOJRULWKP)LUVWO\WKHVWHSVL]HPXVWREH\VRPHFRQVWUDLQWVVR
WKDWWKHGHVLJQFULWHULRQFDQFRQYHUJHWRDORFDOPLQLPXPVRRQ
>@ 6HFRQGO\ WKH VWHS VL]H PXVW EH FKRVHQ WR PDNH WKH
FORVHGORRS V\VWHP PDLQWDLQ VWDEOH >@ 8VXDOO\ D VWHS VL]H
ZLWKFRQVWUDLQW	 ? ൏ ߛ௜ ൑ 	 ?ZLOOEHDSSOLHG>@$VVXJJHVWHGE\>@LIWKHVWHSVL]HLVVHWVPDOOHQRXJKDQGWKHGDWDVHWLV
UHODWLYHO\ ODUJH WKH FRQYHUJHQFH RI ,)7 DOJRULWKP FDQ EH
HQVXUHG,QSUDFWLFHWKHVWHSVL]HIRUHDFKFRQWUROOHUZLOOQHHG
WREHGHILQHGHPSLULFDOO\RIWHQWKURXJKWULDODQGHUURU
B. Normalised design criterion for IFT 
7KH SHUIRUPDQFH RI WKH ,)7 SURFHVV FDQ EH LQIOXHQFHG E\
VHYHUDOIDFWRUV,QRUGHUWRGHWHUPLQHDQRSWLPDOYDOXHRIߣLWLV
LPSRUWDQWWRFRQVLGHUWKHUHODWLYHPDJQLWXGHVRIHDFKYDULDEOH
LQ WKH GHVLJQ FULWHULRQ ܬሺߩሻ  'LIIHUHQW V\VWHPV ZLOO KDYH
YDULDEOH GHVLUHG DQG DFWXDO RXWSXW HUURU DV ZHOO DV FRQWURO
VLJQDO:KHQFRQVLGHULQJWKHFRPELQDWLRQRIݕ෤௧ሺߩሻDQGݑ௧ሺߩሻWKHߣ YDOXH REWDLQHG IURP WULDO DQG HUURU ZLOO FRQWDLQ WKH
SURSHUWLHVVSHFLILFWRWKHV\VWHPEHLQJWXQHG7KHUHQHHGVWREH
DPHWKRGWRUHPRYHWKHV\VWHPSURSHUWLHVIURPߣDVLQPDNLQJ
ZHLJKWLQJIDFWRUߣQRUPDOLVHGVRWKDWLWFDQEHFRPSDUDEOHDQG
DJQRVWLF DFURVV GLIIHUHQW V\VWHPV >@ (T  SURSRVHV D
QRUPDOLVHG GHVLJQFULWHULRQ ZKHUH DQRUPDOLVLQJ IDFWRUܭ௡LVLQWURGXFHG DQGߣ௡UHSODFHVߣWR EH WKH ZHLJKWLQJ IDFWRU WKDWUHPDLQVPHDQLQJIXOܬ௡ሺߩሻ ൌ 	?	?ܰ෍ሺݕ෤௧ሺߩሻଶ ൅ ߣ௡ܭ௡ݑ௧ሺߩሻଶሻே௧ୀଵ  ZKHUHWKHQRUPDOLVLQJFRHIILFLHQWܭ௡LVGHWHUPLQHGE\ܭ௡ ൌ ݕௗǡ௠௔௫ െ ݕௗǡ௠௜௡ݑ௧ǡ௠௔௫ െ ݑ௧ǡ௠௜௡ 
ZKHUHݕௗǡ௠௔௫ǡ ݕௗǡ௠௜௡ǡ ݑ௧ǡ௠௔௫DQGݑ௧ǡ௠௜௡DUH WKH PD[LPXP DQG
PLQLPXP YDOXH LQ WKH GHVLUHG RXWSXW DQG WKH FRQWURO VLJQDO
UHVSHFWLYHO\$VDOOIRXUYDOXHVDUHRQO\GHWHUPLQHGDWWKHHQG
RI HDFK RSWLPLVDWLRQ LWHUDWLRQ DOO GDWD SRLQWV DUH WDNHQ LQWR
DFFRXQWVRWKHQRUPDOLVDWLRQSURFHVVLVDIDLUUHSUHVHQWDWLRQRI
WKHFXUUHQW LWHUDWLRQ7KHQRUPDOLVHGGHVLJQFULWHULRQ IRU ,)7
HQVXUHV WKDW WKHYDOXHRIߣ௡VWD\VPHDQLQJIXODFURVVGLIIHUHQWWXQLQJ LWHUDWLRQV >@ :LWK QRUPDOLVHG GHVLJQ FULWHULRQ LW
EHFRPHVSRVVLEOHWRGHWHUPLQHVHWVRIߣ௡YDOXHVWKDWUHSUHVHQWWKHRSWLPDOUDQJHIRU,)7WXQLQJIRUYDULRXVVLWXDWLRQV
7KH HVWLPDWHG JUDGLHQW RI WKH QRUPDOLVHG GHVLJQ FULWHULRQܬ௡ሺߩሻIRUWKH݅௧௛LWHUDWLRQFDQEHWKHQFRQVWUXFWHGE\XVLQJDQGWKH*DXVV1HZWRQ+HVVLDQPDWUL[ܴ௡ǡ௜EHFRPHV݁ݏݐ ൤߲ܬ௡߲ߩ ሺߩ௜ሻ൨ ൌ 	?ܰ෍൬ݕ෤௧ሺߩ௜ሻ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨ே௧ୀଵ൅ ߣ௡ܭ௡ݑ௧ሺߩ௜ሻ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨൰ ܴ௡ǡ௜ ൌ 	?ܰ෍ቆ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨ ݁ݏݐ ൤߲ݕ௧߲ߩ ሺߩ௜ሻ൨்ே௧ୀଵ൅ ߣ௡ܭ௡݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨ ݁ݏݐ ൤߲ݑ௧߲ߩ ሺߩ௜ሻ൨்ቇ 
7KHUHIRUHWKHNH\WRWKHLWHUDWLYHIHHGEDFNWXQLQJPHWKRGLV
WKH LWHUDWLYH FRPSXWDWLRQ RIడ௃೙డఘ ሺߩሻDQGܴ௡ǡ௜ IURP H[SHULPHQW
UHVXOWV$VORQJDVݕ௧ሺߩ௜ሻܽ݊݀ݑ௧ሺߩ௜ሻDQGWKHJUDGLHQWVడ௬೟డఘ ሺߩ௜ሻ
DQGడ௨೟డఘ ሺߩ௜ሻDUHREWDLQHGWKHడ௃೙డఘ ሺߩ௜ሻDQGܴ௡ǡ௜FDQEHHVWLPDWHG
E\ WKH LQWURGXFWLRQ RI ߣ௡ DQG ܭ௡  7KHQ WKH FRQWUROOHUSDUDPHWHUVFDQEHXSGDWHGDFFRUGLQJO\ߩ௜ାଵ ൌ ߩ௜ െ ߛ௜ܴ௡ǡ௜ିଵ݁ݏݐ ൤߲ܬ௡߲ߩ ሺߩ௜ሻ൨ 
7RVXPPDULVHWKHSURFHGXUHRIQRUPDOLVHG,)7DOJRULWKPLV
L&KRRVHWKHVWDUWLQJFRQWUROOHUSDUDPHWHUVߩ଴DQGVHOHFW WKHQRUPDOL]HG GHVLJQ FULWHULRQ ܬ௡ሺߩሻ  LL 3HUIRUP WKUHH
H[SHULPHQWV ݎ௜ଵ ൌ ݎǡ ݎ௜ଶ ൌ ݕଵǡ ݎ௜ଷ ൌ ݎ  LLL (VWLPDWH SDUWLDO
GHULYDWLYHVడ௬೟డఘ ሺߩ௜ሻDQGడ௨೟డఘ ሺߩ௜ሻ LY (YDOXDWH WKH JUDGLHQW RI
FULWHULRQడ௃೙డఘ ሺߩ௜ሻDQG+HVVLDQ PDWUL[ܴ௡ǡ௜ Y2EWDLQ WKH QHZ
FRQWUROOHU SDUDPHWHUVߩ௜ାଵ  DQG YL (YDOXDWH WKH FULWHULRQܬ௡ሺߩሻDQGFKHFNWKHSHUIRUPDQFHLIVWRSFULWHULRQUHDFKHGJRWRYLLILQLVKRWKHUZLVHJRWRLLIRUQH[WLWHUDWLRQORRS
C. Convergence and robustness aspects 
&RQYHUJHQFHSURSHUW\RIVWDQGDUG,)7KDVEHHQDQDO\VHGLQ
>@DQG>@KHUHZHVWXG\WKHQRUPDOLVHG,)7PHWKRG7KH
FRQYHUJHQFHFRQGLWLRQVDVVWDWHGLQ>@DUHWKHHVWLPDWHG
JUDGLHQWRIWKHREMHFWLYHIXQFWLRQLVXQELDVHGWKHVWHSVL]H
VHTXHQFHFRQYHUJHVWR]HUREXWQRWWRRIDVW
)RU&RQGLWLRQWKHXQELDVHGJUDGLHQWHVWLPDWHLVWKHNH\
SURSHUW\RI,)7,QWKLVVWXG\ZHXVHWKUHHVSHFLDOO\GHVLJQHG
H[SHULPHQWV WRJHQHUDWH WKHJUDGLHQWEDVHGGHVFHQWGLUHFWLRQ
ZKLFKFDQREWDLQXQELDVHGJUDGLHQWHVWLPDWHVZLWKRXWWKHXVHRI
SDUDPHWULF PRGHOV >@ )URP (T  WKH IROORZLQJ
H[SUHVVLRQRIGHULYDWLYHVడ௬೟డఘ ሺߩሻDQGడ௨೟డఘ ሺߩሻFDQEHGHULYHG߲ݕ௧߲ߩ ሺߩሻ ൌ 	?ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻݕ௧ଷ െ ߲ܥ௬߲ߩ ሺߩሻݕ௧ଶ൨൅ ܵ଴ܥ௥ሺߩሻ ൤߲ܥ௬߲ߩ ሺߩሻݒ௜ଶ െ ߲ܥ௥߲ߩ ሺߩሻݒ௜ଷ൨ ߲ݑ௧߲ߩ ሺߩሻ ൌ 	?ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻݑ௧ଷ െ ߲ܥ௬߲ߩ ሺߩሻݑ௧ଶ൨൅ ܵ଴ܥ௬ܥ௥ሺߩሻ ൤߲ܥ௥߲ߩ ሺߩሻݒ௜ଷ െ ߲ܥ௬߲ߩ ሺߩሻݒ௜ଶ൨

$Vݒ௜ଶDQGݒ௜ଷDUH PXWXDOO\ LQGHSHQGHQW ERXQGHG VWRFKDVWLFQRLVHVRIWKHVDPHV\VWHPWKHHTXDWLRQVDQGDUHWKH
XQELDVHG HVWLPDWH RIడ௬೟డఘ ሺߩሻDQGడ௨೟డఘ ሺߩሻ 7KXV WKH HVWLPDWHG
JUDGLHQW RI WKH QRUPDOLVHG REMHFWLYH IXQFWLRQ ܬ௡ሺߩሻ LV DOVRXQELDVHGDVLOOXVWUDWHGE\(T
)RU&RQGLWLRQWKHXVXDOFRQGLWLRQVIRUFRQYHUJHQFHFDQ
EHJXDUDQWHHGIRUWKHFKRLFHRIߛ௜෍ ߛ௜ஶ௜ୀଵ ൌ 	 ?ǡ ෍ ߛ௜ଶஶ௜ୀଵ ൏ 	 ? 7KLVFRQGLWLRQLVIXOILOOHGHJE\KDYLQJߛ௜ ൌ ܽ ݅	? ZKHUHܽLVDFHUWDLQSRVLWLYHFRQVWDQW+RZHYHU WKLVUHTXLUHPHQWPD\
KDYH D VORZ FRQYHUJHQFH UDWH 7KRXJK WKH PDWUL[ܴ௜ WKDWGHWHUPLQHV WKH XSGDWH GLUHFWLRQ GRHV QRW LQIOXHQFH WKH ,)7¶V
FRQYHUJHQFHDELOLW\DVVWDWHGLQ>@*DXVV1HZWRQGLUHFWLRQ
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LVDGHVLUDEOHFKRLFHWRVSHHGXSWKHFRQYHUJHQFHUDWH6RWKH
*DXVV1HZWRQ RSWLPLVDWLRQ ZLWK 	 ? ൏ ߛ ൑ 	 ?LV XVHG LQ WKLV
VWXG\WRJXDUDQWHHWKHDOJRULWKPFRQYHUJHQFHZKLFKKDVDOVR
EHHQVXJJHVWHGE\>@%\IXOILOOLQJWKHVHWZRFRQGLWLRQVWKH
GHVLJQHG,)7LVDEOHWRFRYHUDJHWRDVWDWLRQDU\SRLQWVRRQ
5REXVWQHVVSURSHUW\RIWKHGHVLJQHG,)7FRQWUROOHUFDQDOVR
EH JXDUDQWHHG &RPSDUHG WR PRGHOEDVHG SURFHGXUHV ZKLFK
FDQEHYLHZHGDVJOREDODSSURDFKHV,)7FDQEHYLHZHGDVDQ
DSSURDFKZKHUH WKHREMHFWLYH IXQFWLRQ LVPRGHOOHG ORFDOO\E\
XVLQJ JUDGLHQWV 6XFK D PHWKRG FDQ EH PDGH UREXVW WR WKH
XQFHUWDLQV\VWHPV>@+MDOPDUVVRQ>@KDVDOVRYHULILHGWKDW
,)7LVPRUHUREXVWFRPSDUHGZLWKPRGHOEDVHGPHWKRGV
)XUWKHUPRUH WKH ,)7 FDQ EH PDGH PRUH UREXVW ZKHQ WKH
IROORZLQJWZRDVSHFWVRIUREXVWQHVVDUHWDNHQLQWRDFFRXQW>@
 FKRRVH WKH REMHFWLYH IXQFWLRQ LHܬሺߩሻ MXGLFLRXVO\ 
FRQVLGHULWHUDWLYHPLQLPLVDWLRQRIWKHVXLWDEOHIXQFWLRQ
)RU$VSHFWUHJDUGLQJWKHGHVLJQREMHFWLYHLQJHQHUDOLWLV
JRRGWRLQFOXGHDSHQDOW\RQWKHLQSXWVLJQDODVZHOO,WLVDOVR
VXJJHVWHG E\ >@ WKDW WKH REMHFWLYH IXQFWLRQ LQ IRUPܬሺߩሻ ൌܧሾሺݕሺߩሻǡ ݑሺߩሻሻሺݕሺߩሻǡ ݑሺߩሻሻ்ሿ ZRXOG KDYH D VWURQJ WLHV WR
UREXVWORRSVKDSLQJ7KXVLQWKLVSDSHUWKHEDVLF,)7REMHFWLYH
FULWHULRQLVGHVLJQHGDV7RIXUWKHUHQKDQFHWKHUREXVWQHVV
IURPGHVLJQREMHFWLYHDVSHFWDQRUPDOLVHG,)7GHVLJQFULWHULRQܬ௡ሺߩሻLV SURSRVHG WR HOLPLQDWH WKH WULDO DQG HUURU SURFHVV IRUZHLJKWLQJIDFWRUVHOHFWLRQ%\QRUPDOLVLQJWKHLQSXWDQGRXWSXW
VLJQDOV WKH YDOXH RIߣ௡ LV DEOH WR VWD\ PHDQLQJIXO DFURVVGLIIHUHQW WXQLQJ LWHUDWLRQV ZKLFK LV SRVVLEOH WR PDNH WKH
FRQWUROOHUEHV\VWHPDJQRVWLFDQGWKXVLQFUHDVHWKHUREXVWQHVV
,W KDV EHHQ YHULILHG E\ >@ WKDW WKH QRUPDOLVHG ,)7 LV
WKHRUHWLFDOO\PRUHUREXVWWKDQWKHVWDQGDUGPHWKRG
)RU$VSHFWDV,)7PHWKRGWULHVWRHVWLPDWHWKHJUDGLHQW
RI WKH FULWHULRQ RQFH VWHDG\ PLQLPLVDWLRQ RI WKH FULWHULRQ LV
DFKLHYHGWKHFRQWUROOHUUREXVWQHVVFDQEHHQVXUHG7KHPDWUL[ܴ௜GHWHUPLQHVWKHXSGDWHGLUHFWLRQDQGLVWKHUHIRUHFUXFLDO$VVXJJHVWHG E\ >@ *DXVV1HZWRQ XSGDWH FDQ \LHOG FORVH WR
RSWLPDO SHUIRUPDQFH ZKLFK LV WKXV DSSOLHG WR WKH 1,)7
DOJRULWKP LQ WKLV SDSHU DV WKHܴ௡ǡ௜ LQGLFDWHG E\ (T 
7KHUHIRUHEHVLGHVWKHLQKHUHQWUREXVWQHVVRIVWDQGDUGPRGHO
IUHH GDWDGULYHQ ,)7 DOJRULWKP WKH QHZO\ GHVLJQHG 1,)7
PHWKRGLVDEOHWRIXUWKHUHQKDQFHDQGJXDUDQWHHWKHUREXVWQHVV
SURSHUW\E\WDNLQJWKHDERYHWZRDVSHFWVLQWRDFFRXQW
,9 (;3(5,0(176$1'5(68/76
A. NIFT optimisation for repetitive control 
,QWKLVH[SHULPHQW,)7ZLWKQRUPDOLVHGGHVLJQFULWHULRQZDV
XVHGWRWXQHWKHURERWSRVLWLRQFRQWURO7KHWUDMHFWRU\XVHGZDV
D VLQXVRLGDO ZDYHIRUP DERXW WKH ; (XOHU D[LV ZLWK DQ
DPSOLWXGH RI  UDGLDQV DQG D SHULRG RI  VHFRQGV 7KH
VWDUWLQJ 3,' JDLQV ߩ ൌ ሾ	?	? 	? ൈ 	?	?ିଷ 	 ? ൈ 	 ?	 ?ିସሿ் ZDV
REWDLQHGE\WKHFRPPRQO\XVHG=LHJOHU±1LFKROV=1WXQLQJ
UXOHVDQGWKHQ1,)7VWDUWHGWXQLQJIURPWKH=1VHWV7KHVWHS
VL]H RIܭ௉ ܭூ  DQGܭ஽ZDV HPSLULFDOO\ VHW DV	?Ǥ	?	? ൈ 	?	?ିହDQG	 ? ൈ 	 ?	 ?ି଺ UHVSHFWLYHO\ 8VXDOO\ RQO\ D IHZ LWHUDWLRQV DUH
UHTXLUHG IRU WKH ,)7 PHWKRG WR DFKLHYH D JRRG SHUIRUPDQFH
>@7HQLWHUDWLRQVRIRQOLQHRSWLPLVDWLRQZHUHSHUIRUPHG LQ
WKLVWULDOZLWKUHVXOWVWDNHQGLUHFWO\IURPWKHWXQLQJSURFHVV
7KH1,)7WXQLQJUHVXOWLVVKRZQLQ)LJZKHUHDSRVLWLYH
DQJOHLQWKH;(XOHUD[LVGHQRWHVWKHGRUVLIOH[LRQGLUHFWLRQDQG
D QHJDWLYH DQJOH GHQRWHV WKH SODQWDU IOH[LRQ )RU VXFK D
UHSHWLWLYH WUDMHFWRU\ WKH URERW WUDFNLQJ SHUIRUPDQFH EHFDPH
EHWWHUDQGEHWWHUGXULQJWKHWHQLWHUDWLRQVDVVKRZQLQ)LJD
,WFDQEHVHHQWKDWWKHUHZDVDVLJQLILFDQWLPSURYHPHQWLQWKH
SHUIRUPDQFHZKHQFRPSDULQJWKH=1VHWVEHIRUH1,)7WXQLQJ
DQG HQG RI 1,)7 WXQLQJ UHVXOWV LQ )LJ  E DQG )LJ  F
UHVSHFWLYHO\7KHHUURUVIRU(XOHUDQJOHD[HVDWLWHUDWLRQDQGDW
LWHUDWLRQDUHVKRZQLQ)LJGE\WKHGRWWHGDQGWKHVROLG
OLQH UHVSHFWLYHO\ ,W DOVR SURYLGHV HYLGHQFH WKDW WKH 1,)7
PHWKRG ZDV DEOH WR WXQH WKH FRQWUROOHU WRZDUGV D KLJK
SHUIRUPDQFH WUDFNLQJ UHVXOWV ZLWKLQ VHYHUDO PLQXWHV 7KH
SURILOH RI KRZ WKH YDOXH RI WKH GHVLJQ FULWHULRQ GHFUHDVHG LV
VKRZQLQ)LJHZKHUHWKHUHZDVDVWHDG\GHFUHDVHLQWKH
YDOXHRIܬ௡ሺߩሻIURPRYHUWRDURXQG

)LJ5HSHWLWLYHFRQWUROUHVXOWXVLQJQRUPDOLVHG,)7WXQLQJD(QGHIIHFWRU
RULHQWDWLRQGXULQJLWHUDWLRQVE7UDFNLQJUHVXOWEHIRUHWXQLQJLWHUDWLRQ
F$IWHUWXQLQJLWHUDWLRQG(QGHIIHFWRUHUURUVH'HVLJQFULWHULRQV
:HIXUWKHUH[SORUHGKRZWKHQRUPDOLVHG,)7SHUIRUPVZKHQ
FRPSDUHGWRWKHVWDQGDUG,)7WKDWLVFRPPRQO\XVHG7KHVDPH
F\FOLFDO ZDYHIRUP IRU UHKDELOLWDWLRQ WUDMHFWRU\ ZDVXVHGKHUH
IRURQOLQHWXQLQJ$WRWDORIIRXUVHWVZHUHWHVWHGIRUWKH30$V
DFWXDWHG URERW DQG WHQ WXQLQJ LWHUDWLRQV ZHUH SHUIRUPHG IRU
HDFK VHWXS $ GHWDLOHG FRPSDULVRQ RI WKH HUURUV EHWZHHQ WKH
QRUPDOLVHG DQG WKH VWDQGDUG ,)7 LVSUHVHQWHG LQ7DEOH ,)RU
QRUPDOLVHG ,)7 WHVWV WKHߣ௡ VHOHFWHG ZDV	 ? ൈ 	 ?	 ?ିସ )RU WKHVWDQGDUG ,)7 WHVWV WKHߣ YDOXH YDULHG 7KH ILUVWߣ YDOXH RI	 ? ൈ 	 ?	 ?ିଷ ZDV DGRSWHG IRU WKH VWDQGDUG ,)7 2EYLRXVO\ WKH
UHVXOWZDVQRWRSWLPDODQGPRUHFRQWURODFWLRQVDUHQHHGHGWR
UHDFK WKH GHVLUHG WUDMHFWRU\ 7KHߣYDOXH ZDV WKHQ JUDGXDOO\
DGMXVWHG WR 	 ? ൈ 	 ?	 ?ିସ DQG 	 ? ൈ 	 ?	 ?ିହ ZKLFK UHVXOWHG LQ WKH
V\VWHP EHLQJ EHWWHU WXQHG HDFK WLPH 1RWH WKDW IRU WKH
QRUPDOLVHG ,)7 GHVLJQ FULWHULRQ HYHQ ZLWKRXW FKDQJLQJ WKH
YDOXHߣ௡ WKH SHUIRUPDQFH ZDV HYHQ EHWWHU WKDQ WKH VWDQGDUG,)7 WXQHG ZLWK WKH RSWLPDOߣ YDOXH 7KH QHZO\ QRUPDOLVHG
GHVLJQFULWHULRQVKRZVLPSURYHGSHUIRUPDQFHDVFRPSDUHGWR
WKHRULJLQDOVWDQGDUG,)7GHVLJQFULWHULRQ
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B. Robustness test with human participants 
7RH[SORUH WKHDGDSWDELOLW\RI1,)7DOJRULWKPRQGLIIHUHQW
XVHUVDQGUHKDELOLWDWLRQVWUDWHJLHVWHVWVZHUHSHUIRUPHGRQIRXU
KHDOWK\KXPDQSDUWLFLSDQWVDJHGEHWZHHQDQGRIYDULRXV
JHQGHU KHLJKW DQG ZHLJKW 7KH DQNOH PRYHPHQW UDQJH DQG
DFWLYH WRUTXHRIHDFKSDUWLFLSDQWZHUHDVVHVVHG ILUVWE\XVLQJ
WKHPHWKRGSUHVHQWHGLQRXUSUHYLRXVZRUN>@WRHQVXUH
WKDW DOO SRVVHVVHG D QRUPDO UDQJH DQG WRUTXH DELOLW\ IRU WKH
DQNOHV WHVWHG (DFK SDUWLFLSDQW ZDV ILUVW DVNHG WR DGMXVW WKH
VHDWLQJWRDFRUUHFWKHLJKWVRWKHNQHHMRLQWLVDWDSSUR[LPDWHO\
GHJUHHVZKHQWKHIRRWLVRQWKHSODWIRUP7KHSDUWLFLSDQW¶V
IRRWZDVVWUDSSHGWRWKHHQGHIIHFWRUWLJKWO\DQGFRPIRUWDEO\
DV LQGLFDWHG E\ )LJ  7KLV WULDO KDV EHHQ DSSURYHG E\ WKH
8QLYHUVLW\RI$XFNODQG+XPDQ3DUWLFLSDQWV(WKLFV&RPPLWWHH
UHIHUHQFH7KHWXQLQJGXUDWLRQIRUHDFKWHVWZHUHDOVR
VHWWRLWHUDWLRQVPLQXWHVWROLPLWWKHGLVFRPIRUWWRWKH
SDUWLFLSDQW ZLWK D UHVW SHULRG RIIHUHG EHWZHHQ HDFK WHVW
9DULRXV PHDVXUHV KDG EHHQ WDNHQ WR JXDUDQWHH WKH VDIHW\ RI
KXPDQ SDUWLFLSDQWV 7KH DPSOLWXGH DQG IUHTXHQF\ RI URERW
PRYHPHQW ZHUH VHW ORZ WR HPXODWH WKH UHKDELOLWDWLRQ XVH IRU
SDWLHQWV0RYHPHQWDELOLW\RIHDFKUHFUXLWHGSDUWLFLSDQWZRXOG
EH DVVHVVHG ILUVW EHIRUH DQ\ WHVWV (PHUJHQF\ VWRSV KDG DOVR
EHHQGHVLJQHGIURPERWKKDUGZDUHDQGVRIWZDUHDVSHFWV
^ĞĂƚŝŶŐ
WŶĞƵŵĂƚŝĐŵƵƐĐůĞ
ŶĚ ?ĞĨĨĞĐƚŽƌ
ZŽďŽƚƐƵƉƉŽƌƚ
ŽŶƚƌŽůĐĂďŝŶĞƚ
>ĞŐŚŽůĚĞƌ
&ŽŽƚďĞůƚ
&ŽŽƚƉůĂƚĞ
ŵĞƌŐĞŶĐǇƐƚŽƉ
^ŚĂŶŬďĞůƚ

)LJ&RQILJXUDWLRQRIWKHURERWH[SHULPHQWDOVHWXSZLWKKXPDQDQNOH
7KUHH WHVWVZHUHSHUIRUPHG WRYDOLGDWH WKHHIIHFWLYHQHVVRI
WKHPXOWLSOH'2)V1,)7LQGLIIHUHQWVLWXDWLRQV,QWHVW7
WHVW 7 DQG WHVW 7 WKH URERWZDVFRQWUROOHGZLWKRXW
KXPDQSDUWLFLSDQWVZLWKKXPDQSDVVLYHDQGKXPDQSDVVLYH
WKHQDFWLYH WUDLQLQJ UHVSHFWLYHO\)RU7 WKHSDUWLFLSDQWZDV
DVNHGWRDFWLYHO\PRYHDIWHULWHUDWLRQVRISDVVLYHWUDLQLQJWR
HPXODWH WKH VFHQDULR ZKHUH SDWLHQWV DUH PDNLQJ SURJUHVV LQ
WKHLUUDQJHRIPRWLRQDELOLW\WKURXJKUHKDELOLWDWLRQLQRUGHUWR
H[SORUHKRZ1,)7FRXOGDGDSWWRWKHFKDQJLQJFDSDELOLWLHVRI
WKHSDWLHQWRYHUWLPH7RGHPRQVWUDWHWKHFKDQJHVRIRSHUDWLQJ
FRQGLWLRQVWKHURERWIRUFHWRUTXHZDVUHFRUGHGGXULQJHDFKWHVW
:HWDNHSDUWLFLSDQWDVDQH[DPSOHZLWKUHVXOWVVKRZQLQ)LJ
 DG )RU 7 WKH ILUVW  VHFRQGV LQGLFDWH WKH SDVVLYH
LWHUDWLRQVZLWKRXWXVHUDFWLYHIRUFHVIROORZHGE\VHFRQGV
ZLWKSDUWLFLSDQW DFWLYH LQWHUDFWLRQZKHUHZHFDQ VHH WKDW WKH
SDUWLFLSDQWH[HUWHGDGLVWLQFWO\KLJKHUIRUFHDQGWRUTXHVWDUWLQJ
IURPWKHWKLWHUDWLRQ7KHHQGHIIHFWRURULHQWDWLRQUHVXOWVXQGHU
WKHVHWKUHHH[SHULPHQWFRQGLWLRQV777DUHVKRZQLQ)LJ
H,WFDQEHVHHQDWWKHHQGRIWXQLQJSHUIRUPDQFHVRI77
DQG7ZHUHDOOVDWLVIDFWRU\HYHQGLIIHUHQWDQNOHHIIHFWVH[LVWHG
7KHHUURUVDWWKHHQGRIWXQLQJ)LJIZHUHYHU\VLPLODULQ
VKDSHDQGPDJQLWXGH

)LJ([SHULPHQWDOUHVXOWVRI77DQG7ZLWKSDUWLFLSDQWD,QWHUDFWLRQ
WRUTXHVDERXW;D[LVDQGEDERXW<F,QWHUDFWLRQIRUFHVDORQJ;D[LVDQGG
DORQJ < H (QGHIIHFWRU RULHQWDWLRQ UHVXOWV DW WKH HQG RI WXQLQJ I
(QGHIIHFWRURULHQWDWLRQHUURUVDWWKHHQGRIWXQLQJ
)LJ&RPSDULVRQRIGHVLJQFULWHULRQSURILOHVDQGFRQWUROOHUSDUDPHWHUVܭ௉ܭூDQGܭ஽IRUDOODFWXDWRUVEHWZHHQ77DQG7ZLWKSDUWLFLSDQW
7KH1,)7¶VDGDSWLRQWRKXPDQDIIHFWVFDQEHH[DPLQHGE\
FRPSDULQJWKHQRUPDOLVHGGHVLJQFULWHULRQYDOXHVܬ௡ሺߩሻGXULQJWKH WKUHH WHVWV ZLWK UHVXOWV VKRZQ LQ )LJ  7KHUH ZDV D
VLJQLILFDQWGHFOLQHRI WKHGHVLJQFULWHULRQ ,W FDQEH VHHQ WKDWܬ௡ሺߩሻRIQRKXPDQSDUWLFLSDQWWHVW7DQGKXPDQSDVVLYHWHVW7ZHUHTXLWHVLPLODU)RUKXPDQSDUWLFLSDQWSDVVLYHDFWLYH
WHVW 7ܬ௡ሺߩሻIRU WKH DOO DFWXDWRUV VWRSSHG LPSURYLQJZKHQWKHXVHUVWDUWHGWRDFWLYHO\PRYHIURPWKHWKLWHUDWLRQGXHWRD
VXGGHQ GLVWXUEDQFH DSSOLHG WR WKH URERW E\ WKH SDUWLFLSDQW
+RZHYHU WKH 1,)7 PHWKRG ZDV DEOH WR DGMXVW IRU WKLV
GLVFUHSDQF\ LPPHGLDWHO\ E\ WXQLQJ WKH FRQWUROOHU JDLQV WR
WDFNOHH[WHUQDOFKDQJHV,WFDQEHVHHQWKDWWKHGHVLJQFULWHULRQܬ௡ሺߩሻVWDUWHG LPSURYLQJ DJDLQ DIWHU  LWHUDWLRQV 7KH VWDUWLQJ
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HUURU IRU 7 DQG 7 ZDV KLJKHU WKDQ WKDW RI 7 GXH WR WKH
LQIOXHQFHRIKXPDQHIIHFWVEXWWKHFRQWUROSHUIRUPDQFHDWWKH
HQGRIWXQLQJZHUHDOOVDWLVIDFWRU\7KHFRQWUROOHUSDUDPHWHUVLQ
)LJFDQEHH[DPLQHGWRVHHWKHHIIHFWRI1,)7WXQLQJSURFHVV
7KH YDOXH RIܭ௉ LQ 7 DQG 7 ZDV KLJKHU WKDQ WKDW LQ 7EHFDXVHWKHKXPDQDQNOHZRXOGH[HUWDUHVLVWDQFHWRUTXHWRWKH
URERWVRWKHFRQWUROOHUKDGWRLQFUHDVHWKHLQSXWYDOXHWRNHHS
WDFNLQJWKHSUHGHILQHGWUDMHFWRU\7KHUDWHRIFKDQJHRIܭ௉ܭூDQGܭ஽ LQ 7 ZDV WXQHG E\ 1,)7 WR DGDSW WR WKH KXPDQDFWLYLWLHV2QOLQHWXQLQJRIWKHSDUDPHWHUVPDGHWKHFRQWUROOHU
DFKLHYH D KLJK SHUIRUPDQFH VRRQ DIWHU H[WHUQDO FRQGLWLRQ
FKDQJHV,WLVDOVRIRXQGWKDWWKHFRQWUROOHUSDUDPHWHUVUHDFKHG
E\HDFK1,)7DOJRULWKPZHUHGLIIHUHQWIURPRQHDQRWKHUGXHWR
PLVDOLJQPHQWVIRUHDFKDFWXDWRU,WDOVRSURYLGHVHYLGHQFHWKDW
HDFK,)7DOJRULWKPZDVDEOHWRRSWLPLVHLWVDFWXDWRUSURSHUO\LQ
DPXOWLSOHGHJUHHVRIIUHHGRPLPSOHPHQWDWLRQ
7KH 1,)7 ZDV WKHQ H[SHULPHQWDOO\ FRPSDUHG DJDLQVW WKH
VWDQGDUG ,)7 LPSOHPHQWDWLRQ EDVHG RQ 7 WR GHPRQVWUDWH LWV
LPSURYHG UREXVWQHVV 7KH FRPSDULVRQ RI ,)7 DQG 1,)7 DW
LWHUDWLRQ VHWߩହ DQGߩଵ଴ LQ WHUPV RI SDUDPHWHU XSGDWLQJ DQGFRQWUROSHUIRUPDQFHLVVKRZQLQ)LJ,WLVHYLGHQWWKDWWKHUDWH
RIFKDQJHRI3,'JDLQVRI,)7DQG1,)7ZHUHVLPLODUEHIRUHߩହZKLOHWKHGLIIHUHQFHVEHFDPHVLJQLILFDQWIRUDOODFWXDWRUVDIWHU
WKHXVHUVWDUWHGDFWLYHLQSXW7KHUDWHRIFKDQJHRIܭ௉RI1,)7ZDVVLJQLILFDQWO\KLJKHUWKDQWKDWRI,)7DVWKHIRUPHUFDQDGDSW
WRWKHRSHUDWLRQFKDQJHVLQDIDVWHUZD\7KHHQGHIIHFWRUHUURU
RI1,)7DWWKDQGWK LWHUDWLRQZDVDOVRVPDOOHU WKDQWKDWRI
,)7 7KHVH LQGLFDWH WKDW ERWK ,)7 DOJRULWKPV SRVVHVV WKH
UREXVWQHVV SURSHUW\ WR DGDSW WR H[WHUQDO FKDQJHV ZKLOH WKH
1,)7VKRZVDEHWWHUSHUIRUPDQFH
)LJ5REXVWQHVVWHVWE\FRPSDULVRQZLWKVWDQGDUG,)7DWߩହDQGߩଵ଴VROLGOLQHVLQGLFDWHWKHUHVXOWRI1,)7ZKLOHGDVKHGOLQHVWKH,)7UHGEOXHJUHHQDQG
PDJHQWDOLQHVUHSUHVHQWWKHUHVXOWVRIDFWXDWRUWRUHVSHFWLYHO\
7RIXUWKHUYHULI\WKHQRUPDOLVHG,)7FRQWUROOHU¶VUREXVWQHVV
DQG DGDSWDELOLW\ DQRWKHU WKUHH SDUWLFLSDQWV ZHUH UHFUXLWHG WR
SHUIRUPWKHSDVVLYHDFWLYHH[SHULPHQWZLWKVDPHSURFHGXUHDV
GHVFULEHG DERYH WR HPXODWH FKDQJLQJ RI UHFRYHU\ VWDJHV
6LPLODU ILQGLQJV FDQ EH FRQFOXGHG DV WKH 1,)7 LQVWDQFHV
LQFUHDVHGWKHFRQWUROOHUJDLQVDWDIDVWHUUDWHWRFRPSHQVDWHIRU
WKHLQFUHDVHLQDQNOHVWLIIQHVV7KHQRUPDOLVHGGHVLJQFULWHULRQ
YDOXHVܬ௡ሺߩሻRIHDFKSDUWLFLSDQWDUHGHPRQVWUDWHGLQ)LJ7KH
UHVXOWVVKRZWKDWWKH1,)7WHFKQLTXHZDVDEOHWRDGDSWWRWKH
FKDQJLQJ FDSDELOLWLHV RI GLIIHUHQW SDUWLFLSDQWV RYHU WLPH
7KRXJK WKH WUDFNLQJ SHUIRUPDQFH IRU HDFK SDUWLFLSDQW ZDV
GLIIHUHQWHVSHFLDOO\ZKHQKXPDQHIIHFWVH[LVWHGDOOFRQWUROOHUV
ZHUH DEOH WR WUDFN WKH UHIHUHQFH WUDMHFWRU\ EHWWHU DQG EHWWHU
EDVHG RQ 1,)7 OHDUQLQJ FDSDFLW\ DQG UHDFKHG DQ LGHDO UHVXOW
ZLWKLQVHYHUDOPLQXWHV7DEOH,,VKRZVPRUHVWDWLVWLFDOGHWDLOV
WRLQGLFDWHWKHUREXVWQHVVRI1,)7VFKHPHIRULWVDGDSWDELOLW\WR
GLIIHUHQWSDUWLFLSDQWVZLWKYDU\LQJFDSDELOLWLHV
)LJ&ULWHULRQSURILOHVIRUSDVVLYHDFWLYHWHVWVDFURVVIRXUSDUWLFLSDQWV
7R GHPRQVWUDWH WKH 1,)7 PHWKRG¶V FRQYHUJHQFH SURSHUW\
DQ H[SHULPHQW ZLWK  LWHUDWLRQV ZDV FRQGXFWHG ZLWK UHVXOWV
VKRZQLQ)LJ,WLVFOHDUWKH1,)7VXFFHVVIXOO\FRQYHUJHGWR
D ORFDO RSWLPXP ZLWKLQ  ORRSV 7KH UHDVRQ ZK\ ZH RQO\
DSSOLHG  LWHUDWLRQV LQ DERYH WHVWV LV WKDW LW FDQ UHDFK D
UHODWLYHO\JRRGSHUIRUPDQFHDIWHULWHUDWLRQVDQGWKHQH[W
GLGQRW UHVXOW LQ VLJQLILFDQWO\EHWWHU UHVXOWV$OVR D ORQJ WLPH
WUDLQLQJ PD\ PDNH WKH VXEMHFWV XQFRPIRUWDEOH DQG ORVV RI
SDWLHQFH,QWKLVLWHUDWLRQFDVHLWWRRNWKHDOJRULWKPXQWLOWKH
WK LWHUDWLRQ WR SURGXFH RSWLPDO UHVXOWV 7KH FULWHULRQV DQG
WXQLQJ SURFHVV RI 3,' JDLQV RI DOO DFWXDWRUV ZHUH SORWWHG WR
LQGLFDWH WKHFRQYHUJHQFHRI1,)7PHWKRG)URPH[SHULPHQWV
WKURXJKRXW WKLV UHVHDUFK WKH FRQYHUJHQFH VSHHGRI WKH 1,)7
WHFKQLTXHZDVXVXDOO\UDSLGRIWHQZLWKLQWRLWHUDWLRQV
)LJ&RQYHUJHQFHWHVWWKURXJKDFDVHVWXG\ZLWKLWHUDWLRQVUHGEOXH
JUHHQ DQG PDJHQWD OLQHV UHSUHVHQW WKH GHVLJQ FULWHULRQV DQG 3,' JDLQV RI
DFWXDWRUWRRIWKHDQNOHUHKDELOLWDWLRQURERWUHVSHFWLYHO\
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5RERWLF UHKDELOLWDWLRQ GHYLFHV FDQ DOOHYLDWH WKH PDQXDO
WKHUDS\ SUREOHPV LQ WHUPV RI ODERXU LQWHQVLYHQHVV SUHFLVLRQ
DQGVXEMHFWLYLW\5HKDELOLWDWLRQGHYLFHVVKRXOGEHFRPSOLDQWWR
SUHYHQWGLVFRPIRUWVDQGUHLQMXULHVGXULQJWUHDWPHQW'LIIHUHQW
IURP PRVW DQNOH UHKDELOLWDWLRQ URERWV WKDW DUH GULYHQ E\ VWLII
DFWXDWRUVWKHURERWLQWKLVSDSHULVLQWULQVLFDOO\FRPSOLDQWGXH
WR WKHXWLOLVDWLRQRI30$V5HSHWLWLYH WUDLQLQJFDQFRQWULEXWH
VLJQLILFDQWO\ WR WKH HIIHFWLYHQHVV RI WUHDWPHQW LW LV FUXFLDO WR
GHVLJQ D UREXVW URERW FRQWUROOHU WR HQDEOH KLJK SHUIRUPDQFH
UHSHWLWLYHDQNOHWUDLQLQJIRUDORQJWLPH+RZHYHUPRVWRIWKH
FXUUHQWUHKDELOLWDWLRQGHYLFHVKDYHVRPHIRUPRIVLPSOHWXQLQJ
FRQWURO>@ WKDWKDV WREHPDQXDOO\DGMXVWHGWRVXLWGLIIHUHQW
FDSDELOLWLHVRIWKHSDWLHQWV7KLVUHVHDUFKLQYHVWLJDWHGWKHXVHRI
DGYDQFHG LWHUDWLYH OHDUQLQJ DOJRULWKP ZKLFK KDV SRWHQWLDO WR
SURYLGHDGYDQWDJHVRIKLJKDGDSWDELOLW\DQGUREXVWQHVV
,)7WHFKQLTXHLVDEOHWROHDUQIURPUHSHDWLQJVFHQDULRVDQGWR
WXQHWKHFRQWUROOHUSDUDPHWHUVZLWKRXWNQRZOHGJHRIWKHDFWXDO
V\VWHP ZKLFK PDNHV LW VXLWDEOH IRU UHSHWLWLYH FRQWURO RI D
FRPSOLDQW URERWGULYHQE\30$VZKRVH PRGHO LVGLIILFXOW WR
REWDLQ +RZHYHU LQ RUGHU IRU WKH ,)7 WR EH XVHG LQ UHDOOLIH
UHKDELOLWDWLRQ DSSOLFDWLRQV WKHLU UREXVW SHUIRUPDQFH PXVW EH
JXDUDQWHHG IRUD ORQJ WLPH UHSHWLWLYHFRQWURO7R WKHDXWKRUV¶
NQRZOHGJHQR,)7FRQWUROSHUIRUPDQFHKDVEHHQWHVWHGEHIRUH
LQDUHKDELOLWDWLRQURERW7KRXJKVRPHSDSHUV>@DSSOLHG
,)7LQUHKDELOLWDWLRQRQO\WKHV\VWHPRXWSXWLVDGMXVWHGEDVHG
RQSUHYLRXVGDWDZLWKRXWFRQVLGHULQJWKHUREXVWSHUIRUPDQFH
,QWKLVSDSHUWKHSHUIRUPDQFHRI,)7LVPHDVXUHGRQDYDULHW\
RI RSHUDWLRQ FRQGLWLRQV DQG GLIIHUHQW KXPDQ SDUWLFLSDQWV WR
VKRZWKDWLQGHHGWKH,)7WHFKQLTXHFDQSURYLGHPRUHFRQWURO
UREXVWQHVVWRWKHUHKDELOLWDWLRQURERWDQGLVDEOHWRRSWLPLVHWKH
FRQWUROOHUSDUDPHWHUVIRUGLIIHUHQWVLWXDWLRQVHQFRXQWHUHG
3UHYLRXVO\WKHZHLJKWLQJIDFWRUߣLVGHWHUPLQHGE\WULDODQG
HUURUZKLFKUHTXLUHVWKHGHVLJQHUWREHH[SHULHQFHGRUWRKDYH
DQLQWLPDWHNQRZOHGJHRIWKHV\VWHPEHLQJWXQHG,QWKLVSDSHU
DQRUPDOLVHGYHUVLRQRI,)7FRQWUROOHUZDVSURSRVHGWRLPSURYH
WKHUREXVWQHVVRIWKHRYHUDOOWXQLQJWHFKQLTXHDQGDPXOWL'2)
1,)7LPSOHPHQWDWLRQZDVFRQGXFWHGDQGWHVWHGRQDFRPSOLDQW
UHKDELOLWDWLRQ URERW 7R IDFLOLWDWH WKH FRPSDULVRQ EHWZHHQ
DERYHGLIIHUHQWWHVWVWKH506RIWKHHUURUYDOXHLQHDFK(XOHU
GLUHFWLRQDQGWKHPD[LPXPDEVROXWHHUURUDVZHOODVWKHSHDN
DPSOLWXGH HUURU LQ ; GLUHFWLRQ DUH FDOFXODWHG 7KH UHVXOWDQW
HUURU YDOXHV DFKLHYHG IURP WKH VWDQGDUG ,)7 DQG QRUPDOLVHG
,)7 WHVWV DUH VKRZQ LQ 7DEOH , 7KH HQGHIIHFWRU RULHQWDWLRQ
HUURUV DUH FRPSDUHG EHWZHHQ WKH EDVHOLQH LQLWLDO =1 WXQHG
FRQWUROOHU DQG WKH ,)7 RSWLPLVHG FRQWUROOHU HQG RI WXQLQJ
ZLWKLQ D SHULRG RI FRQWURO V ,W FDQ EH VHHQ WKDW WKH
HQGHIIHFWRUWUDFNLQJSHUIRUPDQFHVDWHQGRIWXQLQJIRUDOO,)7
LQVWDQFHV ZHUH VLJQLILFDQWO\ LPSURYHG IURP WKH LQLWLDO =1
SHUIRUPDQFH 7KH PD[LPXP WUDFNLQJ HUURUV LQ (XOHU ;
GLUHFWLRQZHUHNHSWWREHORZUDGLDQVDIWHU,)7WXQLQJ)RU
VWDQGDUG,)7WHVWVWKHߣYDOXHRI	 ? ൈ 	 ?	 ?ିଷZDVQRWRSWLPDODQG
ZLWK WKH JUDGXDO DGMXVWPHQW RIߣWR	 ? ൈ 	 ?	 ?ିସ DQG	 ? ൈ 	 ?	 ?ିହ 
WKHHUURUEHFDPHVPDOOHU7KHUREXVWQHVVIRUQRUPDOLVHG,)7LV
EHWWHU DV LW SUHVHQWHG D EHWWHU WUDFNLQJ SHUIRUPDQFH WKDQ
VWDQGDUG,)7WXQHGZLWKRXWFKDQJLQJߣ௡5HJDUGLQJ WKH FRPSDULVRQ EHWZHHQ ,)7 DQG FODVVLFDO
DXWRWXQLQJ DOJRULWKPV WKHUH KDYH EHHQ TXLWH D IHZ VWXGLHV
/HTXLQ HW DO FRPSDUHG WKH SHUIRUPDQFH RI ,)7WXQHG 3,'
FRQWUROOHUV ZLWK WKH SHUIRUPDQFH DFKLHYHG E\ WKUHH RWKHU
FODVVLFDO3,'WXQLQJVFKHPHV>@7HVWVLQ>@VKRZHGWKH,)7
FDQ DFKLHYH XS WR  EHWWHU SHUIRUPDQFH FRPSDUHG WR D
FRQYHQWLRQDO WXQHG FRQWUROOHU +MDOPDUVVRQ HW DO DOVR VWDWHG
WKDW WKH ,)7 PHWKRG FDQ REWDLQ D IDVWHU UHVSRQVH WKDQ RWKHU
PRGHOIUHHPHWKRGV>@7KH,)7DOJRULWKPKDVEHHQYHULILHG
WRDFKLHYHDSHUIRUPDQFHWKDWLVGUDPDWLFDOO\EHWWHUWKDQWKDWRI
WKH FODVVLFDO 3,' WXQLQJ VFKHPHV +RZHYHU QRQH RI WKH
UHVHDUFK LVFRQGXFWHGRQWKH UHKDELOLWDWLRQURERWV7KLVSDSHU
SUHVHQWVWKHFRPSDULVRQEHWZHHQ1,)7PHWKRGDQGWKHVLPSOH
WXQLQJDOJRULWKPRQWKHFRPSOLDQWUHKDELOLWDWLRQURERWIRU WKH
ILUVWWLPH,QVSLUHGE\>@WKHLQLWLDO3,'JDLQVKHUHZHUHDOVR
REWDLQHGE\XVLQJ=1UXOHVDQGWKHQWKH1,)7PHWKRGVWDUWHG
WXQLQJ IURP WKH =1WXQHG SDUDPHWHUV WR DOORZ D GLUHFW
FRPSDULVRQEHWZHHQWKHP)URPWKHWHVWVLWLVVKRZQWKDWWKH
,)7PHWKRGDOZD\VRXWSHUIRUPHGWKHLQLWLDO=1WXQHGDSSURDFK
DQG WKH SHDN DPSOLWXGH SHUIRUPDQFH FDQ UHDFK XS WR 
EHWWHUSHUIRUPDQFHWKDQWKH=1WXQHGVHWV7KH1,)7VKRZHG
LPSURYHG UREXVWQHVV WR GLIIHUHQW WHVWV DV FRPSDUHG WR WKH
VWDQGDUG,)7DQGWKH=1UXOHVWKDWDUHFRPPRQO\XVHG
7KHTXDQWLWDWLYHUHVXOWVZLWKKXPDQSDUWLFLSDQWH[SHULPHQWV
DUHGHPRQVWUDWHGLQ7DEOH,,7KHDFWLYHMRLQWWRUTXHDSSOLHGWR
WKHV\VWHPKDGDVLJQLILFDQWHIIHFWRQWKHFRQWUROOHUDVZHOODV
WKH DPSOLWXGH UHDFKHG HVSHFLDOO\ LQ WKH ; GLUHFWLRQ )RU
SDUWLFLSDQW  WKH PD[LPXP DPSOLWXGH WKDW URERW FDQ UHDFK
GHFUHDVHG E\  DQG  UDGLDQV LQ GRUVLIOH[LRQ DQG
SODQWDUIOH[LRQGLUHFWLRQDVWKHSDUWLFLSDQW¶VDQNOHVWLIIQHVVKDG
UHVLVWHGWKHURERWPRYHPHQW)RUWKHDFWLYHLQSXWWHVWVZLWKIRXU
SDUWLFLSDQWVWKHSURSRVHGQRUPDOLVHG,)7DOJRULWKPLQVWDQFHV
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ZHUH DEOH WR VXFFHVVIXOO\ DGDSW WR WKH FKDQJLQJ XVHUV DQG
FDSDELOLWLHV&RQVLGHULQJWKHSDUWLFLSDQW¶VDFWLYHLQWHUDFWLRQDV
H[WHUQDOQRLVH WR WKH URERW WKLV ILQGLQJLV LQDFFRUGDQFHZLWK
>@:HYHULILHGWKDWWKH,)7PHWKRGZDVDEOHWRWDNHWKHQRLVH
GLVWXUEDQFHV LQWR DFFRXQW DQG DGMXVW WKH 3,' SDUDPHWHUV WR
GLIIHUHQW YDOXHV XQGHU QRLVH RU QRLVHIUHH FRQGLWLRQV 6LPLODU
ILQGLQJVFDQEHFRQFOXGHGIURP7DEOH,,DVWKH1,)7DOJRULWKP
LQFUHDVHG WKH FRQWUROOHU ܭ௉ JDLQV WR FRPSHQVDWH IRU WKHLQFUHDVHLQKXPDQDQNOHWRUTXHWKHILQDOWUDFNLQJUHVXOWVZHUH
JXDUDQWHHG LQ KLJKSHUIRUPDQFH2YHUDOO LW LV FRQFOXGHG WKDW
WKH1,)7WHFKQLTXH LV UREXVWPDLQWDLQVV\VWHPDJQRVWLFDQG
FDQ EH XVHG WR DXWRPDWLFDOO\ DGMXVW WKH URERW FRQWUROOHU WR
YDULRXVRSHUDWLQJFRQGLWLRQV
9, &21&/86,21
7KLV SDSHU GHYHORSHG D UREXVW FRQWURO WHFKQLTXH IRU
UHSHWLWLYHFRQWURORIURERWLFUHKDELOLWDWLRQGHYLFHV$PXOWLSOH
GHJUHHVRIIUHHGRP LPSOHPHQWDWLRQ RI WKH QRUPDOLVHG ,)7
WHFKQLTXHZDVSURSRVHGDQGWHVWHGRQD30$VDFWXDWHGSDUDOOHO
DQNOH UHKDELOLWDWLRQ URERW 7KH SHUIRUPDQFH RI WKLV QHZO\
LQWURGXFHG QRUPDOLVHG GHVLJQ FULWHULRQ ZDV SXW WR WKH WHVW
DJDLQVW WKH FRPPRQO\ XVHG VWDQGDUG ,)7 GHVLJQ FULWHULRQ
)LQDOO\ IRXU KHDOWK\ KXPDQ SDUWLFLSDQWV ZHUH UHFUXLWHG WR
YDOLGDWHWKHXVDJHRI1,)7RQWKHDQNOHUHKDELOLWDWLRQURERWDV
ZHOODVWRYDOLGDWHWKHUREXVWQHVVDQGFRQYHUJHQFHHIILFDF\RI
WKHSURSRVHGQRUPDOLVHG,)7VFKHPH,WFDQEHFRQFOXGHGWKDW
WKHQRUPDOLVHG,)7VFKHPHSURYLGHVUREXVWQHVVWRWKHFRQWURO
V\VWHP E\ DGDSWLQJ WR GLIIHUHQW VLWXDWLRQV ZKLFK FDQ LQ WXUQ
LPSURYHVWKHHIIHFWLYHQHVVRIURERWLFUHKDELOLWDWLRQ
)XWXUHZRUNFDQEHGRQHRQWKHSDUDOOHODQNOHUHKDELOLWDWLRQ
URERWWRIXUWKHUHQKDQFHWKHSHUIRUPDQFHRILWHUDWLYHOHDUQLQJ
FRQWURO7KHSHUIRUPDQFHRI,)7WHFKQLTXHGHSHQGVRQVHYHUDO
IDFWRUVRQHRIZKLFKEHLQJWKHRSWLPLVDWLRQDOJRULWKP$SDUW
IURPWKH*DXVV1HZWRQDOJRULWKPSUHVHQWHGLQWKLVSDSHURWKHU
RSWLPLVDWLRQ DOJRULWKPV FDQ DOVR EH XVHG VXFK DV WKH
/HYHQEHUJ0DUTXDUGW /0DOJRULWKP1RFRPSDUDWLYHVWXG\
RQ WKHVH DOJRULWKPV KDV EHHQ UHSRUWHG 2Q WKH RWKHU KDQG
DGYDQFHGFRQWURO VFKHPHVRQ WKH UHKDELOLWDWLRQ URERW VXFKDV
LQWHUDFWLRQFRQWUROVKRXOGDOVREHH[DPLQHGWRSURYLGHDPRUH
LQWXLWLYHDSSURDFKIRUURERWLFUHKDELOLWDWLRQ$FWLYHFRQWURORI
WKHFRPSOLDQWURERWVFDQEHDSSURDFKHGE\SURSHULPSHGDQFH
FRQWURORUDGMXVWPHQWRIQRPLQDOSUHVVXUHLQVLGH30$V%DVHG
RQ WKH PHDVXUHPHQW RI SDWLHQW¶V DFWLYH FRQWULEXWLRQ GXULQJ
WUDLQLQJWKH,/&PHWKRGFDQEHXVHGWRXSGDWHWKHDVVLVWDQFH
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UHVHDUFKSURMHFWV+HUUHVHDUFKLQWHUHVWVLQFOXGHVLJQDO
SURFHVVLQJHPEHGGHGV\VWHPVURERWVDQGHOHFWURQLFV
6KHREWDLQHGQDWLRQDODZDUGVDQGSURYLQFLDODQG
PLQLVWHULDO DZDUGV 3URI /LX ZDV DZDUGHG DV WKH ³1DWLRQDO ([FHOOHQW
7HDFKHU´LQ6KHLVWKH&RXQFLO0HPEHURI&KLQHVH$VVRFLDWLRQRI
(OHFWURPDJQHWLF&RPSDWLELOLW\DQGWKH+XEHL,QVWLWXWHRI(OHFWURQLFV

&KDUOHV = /X UHFHLYHG KLV %DFKHORU RI &RPPHUFH
DQG%DFKHORURI(QJLQHHULQJVW&ODVV+RQVGHJUHHV
IURP8QLYHUVLW\RI$XFNODQG1HZ=HDODQG LQ
+HWKHQUHFHLYHGKLV3K'LQ0HFKDQLFDO(QJLQHHULQJ
LQIURPWKH8QLYHUVLW\RI$XFNODQGUHVHDUFKLQJ
UHKDELOLWDWLRQ URERWV DQG FRQWUROOHU RSWLPLVDWLRQ
DOJRULWKPV+HLVFXUUHQWO\ZRUNLQJDWDPXOWLQDWLRQDO
0HGLFDO'HYLFHVFRPSDQ\LQ$XVWUDOLD

4LQJVRQJ $L UHFHLYHG KLV 06 DQG 3K' GHJUHHV
IURP:XKDQ8QLYHUVLW\RI7HFKQRORJ\&KLQDLQ
DQGUHVSHFWLYHO\)URPWRKHZDVD
YLVLWLQJUHVHDUFKHUDWWKH8QLYHUVLW\RI$XFNODQG1HZ
=HDODQG ZKHUH KH ZRUNHG RQ PHGLFDO URERWV +H LV
FXUUHQWO\ D 3URIHVVRU DW WKH :XKDQ 8QLYHUVLW\ RI
7HFKQRORJ\DQGDVHQLRUHGLWRURI&RJHQW(QJLQHHULQJ
3URI$LLVWKHDXWKRURIRYHUWHFKQLFDOSXEOLFDWLRQV
SURFHHGLQJVDQGHGLWRULDOV,QUHFHQW\HDUVKHKDVGLUHFWHGPRUHWKDQ
UHVHDUFK SURMHFWV +LV UHVHDUFK LQWHUHVWV LQFOXGH VLJQDO SURFHVVLQJ
UHKDELOLWDWLRQURERWVDQGDGYDQFHGPDQXIDFWXULQJWHFKQRORJ\

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
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